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ABSTRACT
The h e t e r o c h s r g e  phenomenon i n  ca rnauba  wax e i e c t r e t s  
has n ev e r  been s a t i s f a c t o r i l y  e x p la in e d .  The purpose  o f  
t h i s  work was to  s tu d y  th e  h e t e r o c h s r g e  phenomenon i n  t h e  
absence  of  homocharge by u s in g  fo rm ing  f i e l d s  o f  l e s s  th an  
2 Kv/cm. The d a ta  o b ta in e d  sug ges ted  a p r e v i o u s l y  unproposed 
mechanism f o r  t h e  h e t e r o c h s r g e .
The d i e l e c t r i c  c o n s t a n t  and d i s s i p a t i o n  f a c t o r  were 
measured f o r  c s rnauba  wax which had been p o l a r i z e d  a t  f i e L d s  
o f  both  2 Kv/cm and 11 .5  Kv/cm. The measurements were con­
t in u e d  f o r  t h i r t y - o n e  days a f t e r  p o l a r i z a t i o n .  No s i g n i f ­
i c a n t  change in  d i e l e c t r i c  c o n s t a n t  o r  i n  d i s s i p a t i o n  f a c t o r  
was found .
An a p p a r a tu s  was deve loped  which was c a p a b le  o f  m easur­
ing  t h e  e L e c t r i c  f i e l d  above th e  e i e c t r e t s .  Th is  a p p a ra tu s  
invo lved  a v i b r a t i n g  e l e c t r o d e  to  sen se  t h e  f i e l d  and an 
upper  eL e c t ro d e  to  which a v o l t a g e  was appLied t o  n u l l  th e  
f i e l d  e f f e c t  o f  t h e  e L e c t r e t .  Thus r e a d in g s  were ta k e n  of 
th e  e l e c t r e t  s u r f a c e  ch a rg e  and t h e  way in  which i t  changed 
w i th  t im e .
G r o e t z i n g e r ' a  method was a l s o  used to  f i n d  t h e  f r o z e n - i n  
cha rg e  o f  t h e  e i e c t r e t s .  A t tem pts  were made to  c o r r e l a t e  
t h e  s u r f a c e  ch a rg e  d a ta  w i th  t h e  th e rm a l  d i s c h a r g e  c u r r e n t  
in fo rm a t io n  o b ta in e d  by G r o e t z i n g e r ' s  method.
ix
The s u r f a c e  ch a rg e  measurement a p p a ra tu s  was a r ranged  
in  such a way t h a t  t h e  d i s t a n c e  from t h e  v i b r a t i n g  e l e c ­
t r o d e  t o  t h e  e L e e t r e t  cou ld  be v a r i e d .  By chang ing  t h i s  
d i s t a n c e  and r e a d in g  th e  n u l l  v o l t a g e  r e q u i r e d  t o  b a lan ce  
th e  e l e c t r e t * s  f i e l d ,  i t  was p o ss ibL e  t o  t e s t  an e q u a t io n  
which a r i s e s  in  Gubkin*s phenom enolog ica l  t h e o r y  o f  the  
e l e c t r e t .  T h is  t e c h n iq u e  a l s o  p e r m i t t e d  c a l c u l a t i o n  of  t h e  
s u r f a c e  ch a rge  on t h e  e l e c t r e t .
Also in c lu d e d  in  t h e  s tu d y ,  in  a d d i t i o n  to  ca rnauba  
wax e i e c t r e t s ,  were s o l i d  s o l u t i o n  e i e c t r e t s .  These ,  w ith  
ca rnauba  wax a s  s o l v e n t ,  c o n ta in e d  s t e a r i c  a c id  and 
n - o c t a d e c y l  a l c o h o l  a s  s o l u t e s  to  t h e  e x t e n t  o f  0 .45  m o la l ,  
abou t  13 p e r c e n t  by w e ig h t .  Measurements were made on 
e i e c t r e t s  which were c o a te d  w i th  c o n d u c t iv e  p a i n t  and a l s o  
on s e v e r a l  which were u n c o a te d .
The r a t e  o f  decay o f  t h e  s u r f a c e  charge  was n o t  found 
t o  be e x p o n e n t i a l .  I t  d id  c o n s i s t  o f  two p a r t s ,  one a 
s h o r t  t im e  c o n s t a n t  decay ,  T * m in u te s ,  th e  o t h e r  a 
l o n g e r  t ime c o n s t a n t  decay ,  *X = 9 .5  t o  84 h o u rs ,  depending 
upon th e  e l e c t r e t  u sed .  The s h o r t  t im e c o n s t a n t  p o l a r i ­
s a t i o n  was a l s o  observed  w i th o u t  th e rm a l  t r e a tm e n t  o f  th e  
e l e c t r e t ,  bu t  i n  moat c a s e s  no f r o z e n - i n  p o l a r i z a t i o n  was 
found f o r  i s o t h e r m s l l y  t r e a t e d  e i e c t r e t s .
S u r f a c e  c h a rg e s  were measured to  be from 17.5 to  105 
nanocoulombs p e r  sq u a re  c e n t i m e t e r .  E i e c t r e t s  p a in te d
x
w ith  a d on d u c t in g  c o a t  were found to  be more s t a b l e  and 
r e p r o d u c i b l e  th an  t h e i r  uncoa ted  c o u n t e r p a r t s .  S to ra g e  of 
e i e c t r e t s ,  a s  weLL as  t h e i r  b e h a v io r  when c o a te d ,  seemed 
t o  f u r t h e r  v e r i f y  Gubkin1s id e a s  on th e  r e l a t i o n s h i p  of 
s h o r t e d  s t o r a g e  t o  decay L i f e t im e s .
The added s o l u t e s  d id  n o t  change t h e  c h a r a c t e r i s t i c s  
o f  t h e  s o l u t i o n  e i e c t r e t s  s i g n i f i c a n t l y  compared t o  th e  
ca rnauba  wax aLone. They d id  lower th e  m e l t in g  p o i n t  
s e v e r a l  d e g r e e s ,  however, which caused some d i f f i c u l t i e s  
i n  t h e  G r o e tz in g e r  method d e t e r m i n a t i o n s .
An e l e c t r e t  which c rack ed  i n  m anufac tu re  was found 
t o  have a f r o z e n - i n  p o l a r i s a t i o n  f o u r  t im es  t h a t  o f  normal 
e i e c t r e t s .  T h is  ’’c r a c k  e f f e c t , ” and th e  o t h e r  d a ta  ob­
t a in e d  formed t h e  b a s i s  f o r  a mechanism p ro p o s a l  f o r  th e  
h e t e r o c h a r g e .
The proposed mechanism p o s t u l a t e s  c r y s t a l l i n e  domains 
in  t h e  wax which can  t r a p  ions  by v i r t u e  o f  a p o t e n t i a l  
b a r r i e r  a t  t h e i r  s u r f a c e .  During t h e  thermaL fo rm a t io n  
o f  t h e  h e t e r o c h a r g e ,  io n s  a r e  t rap p e d  in  th e  domains in  
such a way a s  t o  produce- d i p o l a r  domains. These d i p o l a r  
domains th e n  o r i e n t  in  t h e  f i e l d ,  and th e  Long t ime con­
s t a n t  decay  i s  due t o  t h e i r  slow d i s o r i e n t a t i o n  a t  Low 
t e m p e r a tu r e s .  The s h o r t  t im e  c o n s t a n t  p o l a r i z a t i o n  i s  
a t t r i b u t e d  to  t h e  d i e l e c t r i c  p r o p e r t i e s  o f  th e  amorphous 




An e l e c t r e t  i s  a m acroscop ic  e l e c t r i c a l  d i p o l e  formed
by e x p o s in g  a d i e L e c t r i c  m a t e r i a l  t o  an e x t e r n a l  e l e c t r i c a l
f i e l d  in  such a manner t h a t  t h e  dipoLe f i e l d  rem ains  f o r  a
t im e  a f t e r  th e  e x t e r n a l  f i e l d  i s  removed. The word e L e c t r e t
was su g g e s te d  by S i r  O l i v e r  H e a v is id e  in  1892 when i n  a
volume o f  E l e c t r i c a l  P apers  he w ro te :
E l e c t r i z a t i o n  may be a p p ro x im a te ly  p e r f e c t l y  
e l a s t i c  w i th  r e f e r e n c e  to  t h e  s ta n d a rd  z e ro  
s t a t e ,  a s  in  a d i e l e c t r i c  i n  which a b s o r p t i o n  
does n o t  o c c u r ,  so as  t o  d i s a p p e a r  on th e
removal o f  t h e  e x c i t i n g  c a u s e ................. There
may a l s o  be r e s i d u a l  e l e c t r i z a t i o n ,  namely, 
when a b s o r p t i o n  o c c u r s .  T h is  may tend  
n a tu r a L ly  to  w ho lly  s u b s i d e ,  o r  a p a r t  o f  i t  
may rem a in .  The body i s  th e n  perm an en t ly  
e l e c t r i z e d .  But a p a r t  from a r t i f i c i a l  p ro ­
d u c t io n  o f  permanent e l e c t r i z a t i o n ,  i t  e x i s t s  
n a t u r a l l y  i n  p y r o e l e c t r i c  c r y s t a l s ,  i f  nowhere 
e l s e . I
H e s v i s id e  th en  a d d re s s e d  h im se l f  to  th e  t a s k  o f  a name
f o r  b o d ie s  which were "p e rm an en t ly  e l e c t r i z e d . "
A word i s  e v i d e n t l y  wanted to  d e s c r i b e  a 
body which i s  n a t u r a l l y  pe rm an en t ly  e l e c t r i z e d  
by i n t e r n a l  c a u s e s .
He th e n  c o n s id e r e d  th e  word " e l e c t r i c "  to  d e s c r i b e  such a
^*0. H e a v i s id e ,  E l e c t r i c a l  P a p e r s , Vol .  I  (New York: 
M acmillan  and C o . ,  1892}, p. **88
body, bu t  r e j e c t e d  i t  on th e  grounds t h a t  th e  word was i n  
common use  as  an a d j e c t i v e ,  and aLso t h a t  a t  one t im e th e  
word e l e c t r i c  s im ply  meant any i n s u l a t o r .  He goes on to  
say :
A nother  word t h a t  s u g g e s t s  i t s e l f  i s  e l e c t r e t  
a g a i n s t  which t h e r e  i s  n o th in g  t o  be s a i d  ex cep t  
t h a t  i t  sounds s t r a n g e .  That  i s ,  however, a 
mere q u e s t i o n  o f  h a b i t .  Choosing,  a t  l e a s t  
p r o v i s i o n a l l y ,  th e  second word su g g es ted  t o  
avo id  c o l l i s i o n  w i th  t h e  a d j e c t i v e ,  we may then  
say  t h a t  c e r t a i n  c r y s t a l s ,  i f  no o t h e r  b o d ie s ,  
a r e  n a t u r a l  e i e c t r e t s ;  t h a t  s o l i d  i n s u l a t i n g  
s u b s ta n c e s  may be made e i e c t r e t s  a r t i f i c i a l i y , 
w i th  a g r e a t e r  o r  Less amount o f  permanency; 
t h a t  L iquid  i n s u l a t o r s  can onLy be e L e c t r e t s  
f o r  a m inute  i n t e rv a L  o f  t im e ,  i f  a t  aLL; w h i l s t  
g a s e s ,  whose p a r t i c l e s  a r e  always v i g o r o u s l y  
w andering  a b o u t ,  a r e  n e v e r  e i e c t r e t s .
H e a v i s id e  th e n  went on t o  s p e c u l a t e  on t h e  mechanism of
e L e c t r e t  f o rm a t io n ,  even though a r t i f i c i a l  e i e c t r e t s  w ith
a m easurab le  e x t e r n a l  f ieL d  had n eve r  been made. In  f a c t
t h e  f i r s t  e l e c t r e t  was made onLy in  L920 by a J a p a n e s e
2s bep h y s i c i s t ,  M oto taro  Eguch i .  Eguchi made an e L e c t r e t  by
im p re s s in g  an e l e c t r i c a l  f ieL d  a c r o s s  e L e c t ro d e s  in  moLten 
ca rnauba  wax. He coo led  th e  wax to  room te m p e ra tu r e  so t h a t  
s o l i d i f i c a t i o n  took  p l a c e  in  t h e  p re se n c e  o f  th e  e x t e r n a l l y  
appLied f i e L d .  When th e  f i e l d  was tu rn e d  o f f  and th e  eLec­
t r o d e s  removed t h e  wax e x h i b i t e d  s u r f a c e  c h a r g e s .  The f a c e
^ aM. Eguchi,  P h y s . - Math. S o c . J a p a n . I I  (1 9 2 0 ) ,  169. 
^ M .  Eguchi,  Japan  J .  P h y s . . I  (1 9 2 2 ) ,  L0.
2CM. Eguchi,  P h i l . M ag., IL (L925),  L78-L92.
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of th e  wax which had been n ex t  to  th e  p o s i t i v e  eL ec trode  
was n e g a t i v e ,  and v i c e  v e r s a . Eguchi a l s o  d isco v e red  t h a t  
th e s e  s u r f a c e  ch a rges  decayed s lowly  to  zero  ( i n  about  two 
d a y s ) ,  and then  most unexpec ted ly  b u i l t  up a charge  of 
o p p o s i t e  p o l a r i t y  to  th e  o r i g i n a l  c h a rg e s .
Aside from t h i s  charge  r e v e r s a l  phenomenon, an e l e c t r e t  
made from carnauba wax seemed to  be th e  e l e c t r i c a l  ana lo g  
o f  a permanent magnet. I f  an e l e c t r e t  were k ep t  e l e c t r i c a l l y  
s h o r t  c i r c u i t e d ,  i t  m a in ta ined  i t s  e l e c t r i z a t i o n  f o r  Longer 
p e r io d s  than  i t  d id  i f  i t  were s to r e d  w i th o u t  being  s h o r t  
c i r c u i t e d .  Presumably i f  an e l e c t r e t  were c u t  in  two, one 
would have two e i e c t r e t s ,  showing t h a t  th e  p o l a r i z a t i o n  was 
a volume e f f e c t ,  n o t  s imply a s u r f a c e  phenomenon. Eguchi 
d id  no t  actuaLLy c u t  them in  two, which would be very  d i f f i ­
c u l t  w i th  t h e  hard and b r i t t l e  carnauba wax, bu t  he did  pLane 
t h e i r  s u r f a c e s ,  sometimes removing s e v e r a l  m i l l i m e t e r s  of 
wax, and always th e  s u r f a c e  charge  was reg a ined  a f t e r  such 
t r e a tm e n t .  Eguchi aLso i r r a d i a t e d  h i s  e L e c t r e t s  w ith  X -ray s ,  
which caused them to  lo s e  t h e i r  ch a rg e .  However, w i th  time 
th e  charge s low ly  r e tu r n e d ,  i n d i c a t i n g  t h a t  th e  X - r a d i a t i o n  
had simpLy io n iz e d  th e  a i r  and t e m p o ra r i ly  n e u t r a l i z e d  the  
s u r f a c e  c h a rg e s .
S e v e ra l  groups of p h y s i c i s t s  became i n t e r e s t e d  in  th e s e  
phenomena and by 19*48 th e  r e l a t e d  L i t e r a t u r e  comprised about
*4
f o r t y  p a p e r s .  These were summarized a t  t h a t  t im e  in  an
3e x c e l l e n t  rev iew  a r t i c L e  by F. Gutmann. T here  i s  no need 
to  re v ie w  t h i s  L i t e r a t u r e  a g a in  because  th e  Gutmann rev iew  
i s  r e a d i l y  avaiLabLe, but  i t  does seem d e s i r s b L e  t o  summa­
r i z e  some o f  t h e  t h e o r i e s  and i d e a s  c o n c e rn in g  e i e c t r e t s  
which p reva iL ed  d u r in g  t h i s  p e r i o d .
Edwin P. Adams , a t  P r i n c e t o n  U n i v e r s i t y ,  performed 
some e x p e r im e n ts  on ca rnauba  wax e i e c t r e t s  o f  c y l i n d r i c a l  
geometry (most w orkers  use  d i s c s )  w h ere in  he measured th e  
change o f  s u r f a c e  ch a rg e  w i th  t im e .  He concluded from h i s  
r e s u l t s  t h a t  t h e  e L e c t r e t  e f f e c t  was a p i e z o e l e c t r i c  e f f e c t  
in  ca rnauba  wax. He r e p o r t e d l y  d em on s tra ted  t h a t  carnauba 
wax was a p i e z o e l e c t r i c  m a t e r i a l .  More w i l l  be s a id  L a te r  
co n c e rn in g  Adams1 work.
E i^ h t  y e a r s  L a te r  Andrew Gemant, th en  a t  Oxford , pub­
l i s h e d  h i s  work on e i e c t r e t s . ^  He s e t  o u t  to  ( I )  v e r i f y  
E g u c h i ' s  work; (2 )  c l a r i f y  th e  mechanism o f  th e  u n d e r ly in g  
p hys icsL  p r o c e s s ;  and (3)  e s t i m a t e  th e  im portance  o f  e i e c t r e t s ,  
t h e o r e t i c a l l y  and p ra c t ic a L L y .  Gemant made s u r f a c e  ch a rge  
m easurem ents ,  space ch a rg e  measurements w i t h i n  th e  d i e l e c t r i c ,  
and s t u d i e s  o f  th e  e f f e c t  o f  v a r y in g  th e  chemicaL co m p o s i t io n
3
F. Gutmann, R evs . Mod. P h y s . , XX (19*48), *457-*4 72.
E. P. Adams, F rankLin  I n s t .  J . ,  CCIV (1927) ,
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SA. Gemant, P h i l . M ag.. XX (1 93 5 ) ,  929-952.
of t h e  e l e c t r e t .  He in t ro d u c e d  th e  t e rm in o lo g y  s t i l l  used 
tod ay  of h e t e r o c h s r g e  f o r  t h e  i n i t i s l  c h s rg e  o f  t h e  e l e c t r e t  
and homocharge f o r  t h e  r e v e r s e d  ch a rg e  t h a t  has t h e  same 
s i g n  as  t h a t  o f  t h e  fo rm ing  e l e c t r o d e s .  He re c o g n iz e d  t h a t  
t h e r e  must be two d i f f e r e n t  mechanisms, one p ro d u c in g  th e  
h e t e r o c h s r g e ,  t h e  o t h e r  c a u s in g  th e  homocharge t o  a p p e a r .
H is  apace ch a rg e  measurements showed t h a t  t h e  f i e l d  
d i s t r i b u t i o n  w i t h i n  t h e  e l e c t r e t  was n o t  sy m m etr ica l .
P a r a f f i n  a lo n e  showed no e l e c t r e t  e f f e c t ,  bu t  i f  he d i s ­
so lved  c s rn a u b s  wax in  p a r a f f i n  t h e  r e s u l t i n g  e l e c t r e t  vhowed 
a h e t e r o c h s r g e  and a ch a rg e  r e v e r s a l  t o  a homocharge. I f  
he d i s s o l v e d  a c id  c o n s t i t u e n t s ,  such a s  a b i e t i c  a c i d  in  t h e  
p a r a f f i n ,  th e  r e s u l t i n g  e l e c t r e t  showed o n ly  h e t e r o c h s r g e .  
Gemant proposed t h a t  t h e  h e t e r o c h s r g e  was due t o  io n  space 
c h a rg e s  from t h e  a c id  c o n s t i t u e n t s  o f  t h e  wax. The asymmetry 
o f  t h e  i n t e r n a l  f i e l d  was due to  t h e  d i f f e r e n t  m o b i l i t i e s  
o f  t h e  hydrogen ion  and t h e  a n io n .  The homocharge, he be­
l i e v e d ,  was due to  o r i e n t a t i o n  o f  t h e  d ipoLar  m o lecu le s  and 
t h e i r  s o l i d i f i c a t i o n  i n t o  o r i e n t e d  c r y s t a l l i t e s .  However, 
s i n c e  t h i s  mechanism would a l s o  p roduce  h e te r o c h a r g e s  he 
f u r t h e r  supposed t h a t  Adams1 id e a s  o f  th e  p i e z o e l e c t r i c i t y  
o f  ca rnauba  wax were v a l i d  and proposed  t h a t  upon c o o l i n g  
and c o n t r a c t i n g  t h e  s t r e s s e s  on t h e s e  o r i e n t e d  c r y s t a l l i t e s  
caused them to  r e v e r s e  t h e i r  p o l a r i t y  due t o  t h e  p i e z o e l e c t r i c  
e f f e c t ,  and th u s  a permanent homocharge would be " f r o z e n  i n . 11
Gemant*s f a i t h  in  t h e  p i e z o e l e c t r i c  cha rge  r e v e r s a l  was due 
in  p a r t  t o  h i s  o b s e r v a t io n s  o f  th e  ha rdn ess  and th e  p r o ­
nounced volume c o n t r a c t i o n  upon c o o l in g  o f  ca rnauba  wax.
He ig nored  th e  f a c t  t h a t  h i s  p a r a f f i n  e L e c t r e t a  w i th  c a r -  
naubs wax a s  a s o l u t e  showed homocharges, a l th o u g h  o b v io u s ly  
th e y  were n o t  hard  and p i e z o e l e c t r i c .
The id ea  o f  o r i e n t e d  c r y s t a l l i t e s  i n c o r p o r a t e d  in  
Gemant*s th e o r y  was in  agreement w i th  o b s e r v a t io n s  o f  such 
m i c r o c r y s t a l l i n e  s t r u c t u r e  i n  ca rnauba wax e i e c t r e t s .
Nakata^ pho tographed  t h i n  s e c t i o n a  o f  e L e c t r e t a  in  a pow erfu l  
m icroscope and h i s  m ic rop ho tog raph s  show n e e d l e - l i k e  c r y s t a l s  
a l i g n e d  i n  t h e  d i r e c t i o n  o f  t h e  f i e l d ,  whereas t h e s e  m icro -  
c r y s t a l s  were n o t  a p p a re n t  i n  u n p o i s r i z e d  sam ples .  Ewing7 
showed w i th  X -ray  d i f f r a c t i o n  t h a t  t h e r e  a r e  some o r d e r i n g  
p r o c e s s e s  o r  c r y s t a l l i n e  s t r u c t u r e  in  e L e c t r e t a  d e f i n i t e l y  
d i f f e r e n t  from t h a t  i n  p a r a f f i n  wax.
Gemant*s t h e o r y  o f  t h e  homocharge was n o t  s u p p o r ted  by 
th e  fo l l o w in g  f a c t s :  (L) v e ry  s o f t  waxes c o u ld ,  under  c e r t a i n  
c o n d i t i o n s ,  become e i e c t r e t s ;  (2 )  o t h e r  workers  cou ld  n o t  
f i n d  t h e  p i e z o e l e c t r i c  e f f e c t  i n  ca rnauba  wax r e p o r t e d  by 
Adams( and (3 )  e L e c t r e t a  can  be made in  a way t h a t  a v o id s  
th e  ra d ia L  c o n s t r a i n t  which was proposed as  t h e  cause  o f
6K. N aka ta .  P ro c .  Phys.  Math. Soc. J a p a n .  IX (1 92 9 ) .1 7 9 .
7M. Ewing, P h y s . R e v . . XXXVI (1 9 30 ) ,  378 .
t h e  p i e z o e l e c t r i c  e f f e c t .  When h i s  th e o ry  o f  th e  homocharge 
was d i s c a r d e d ,  h i s  th e o ry  o f  th e  h e te r o c h a rg e  was a l s o  neg­
l e c t e d ,  and was n ev e r  f u l l y  t e s t e d .
O
The fo l lo w in g  y e a r  T h ie s se n ,  Winkel,  and Herrmann 
su g g es ted  t h a t  d i f f e r e n c e s  i n  th e  c o n d u c t i v i t i e s  o f  th e  
s o l i d  and th e  l i q u i d  s t a t e s  were r e s p o n s i b l e  f o r  t h e  e l e c t r e t  
e f f e c t .  These a u th o r s  a t tem p ted  to  ex tend  Gemant's  o b s e r ­
v a t i o n s  bu t  cou ld  o b ta in  no permanent p o L a r i z a t io n  w i th  
m ix tu re s  of s t e a r i c  a c i d ,  p a l m i t i c  a c i d ,  and 1 , 8 - d i n i t r o -  
n a p h th a le n e  in  p a r a f f i n .  From t h i s  th e y  concluded t h a t  th e  
d i p o l e  t h e o r y ,  t h a t  i s  th e  th e o r y  t h a t  t h e  h e te r o c h a rg e  i s  
due to  d i p o l e  o r i e n t a t i o n  a s  sug ges ted  by Adams, d id  no t  
o f f e r  a s u f f i c i e n t  e x p la n a t io n  f o r  th e  e l e c t r e t  e f f e c t .
They were i n c l i n e d  to  b e l i e v e  t h a t  t h e  h e t e r o c h s r g e  r e p r e ­
se n te d  space  ch a rg es  o f  i o n s ,  much as  in  Gemant*s t h e o r y ,  
bu t  t h a t  t h e  homocharge r e s u l t e d  from io n s  formed a t  th e  
eLectrode-w ax  i n t e r f a c e  by th e  h igh  f i e l d s  empLoyed. In  
e f f e c t  t h i s  was t h e  b eg in n in g  of th e  idea  t h a t  t h e  homo­
ch a rg e  i s  " i n j e c t e d  cha rge"  whereas t h e  h e t e r o c h s r g e  i s  
i n t r i n s i c  volume p o l a r i z a t i o n .
The idea  t h a t  th e  homocharge r e s u l t e d  from s u r f a c e  
i o n i z a t i o n ,  o r  i n j e c t e d  c h a rg e ,  was s u b s t a n t i a t e d  by th e s e
fi
P. A. T h ie s s e n ,  A. W inkel ,  and K. Herrmann, P h y s ik . 
Z . ,  XXXVII (1 9 3 6 ) ,  511.
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a u t h o r s '  o b s e r v a t io n s  t h a t  w i th  fo rm ing  f i e l d s  o f  Less th an  
6-8  v/cm homocharges were n o t  o bse rved .  With h ig h e r  fo rm ing  
f i e l d -  homocharges were o b se rved .  T h is  f a c t  has been abun­
d a n t l y  v e r i f i e d .
The d i f f i c u l t i e s  which c o n f ro n te d  th e  t h e o r i e s  of 
T h ie s s e n ,  Winkel,  and Herrmann were m a in ly :  (L) t h a t  t h e i r  
t h e o ry  supposed th e  h e te r o c h s rg e  to  be formed in  t h e  Liquid
q
s t a t e  by io n  m otion ,  a l th o u g h  i n  1936 G ro e tz in g e r  and K re tsc h  
o b ta in e d  e i e c t r e t s  w i th o u t  L iq u i fy in g  th e  wax; and (2 )  i t  
was d i f f i c u l t  to  see  how th e  h e te r o c h s rg e  and homocharge 
cou ld  c o e x i s t  and decay in d e p e n d e n t ly  i f  th ey  both  r e s u l t e d  
from i o n i c  mechanisms.
At t h i s  t ime G ro e tz in g e r  proposed an e x p l a n a t i o n  f o r  
th e  n e c e s s i t y  o f  k eep ing  an e l e c t r e t  s h o r t - c i r c u i t e d .  E ssen ­
t i a l l y  he s a id  t h a t  an open e l e c t r e t  would accum ula te  
com pensa t ing  ch a rg e s  (from w i th in  t h e  e l e c t r e t )  on th e  
e l e c t r e t  s u r f a c e  and ca n ce l  th e  f i e l d  o f  t h e  e l e c t r e t .
More im p o r t a n t ly ,  G ro e tz in g e r  r e p o r t e d  t h a t  th e  th e rm a l  
c o n d u c t i v i t y  o f  beeswax e i e c t r e t s  was h ig h e r  th an  normal in  
th e  d i r e c t i o n  o f  t h e i r  p o L a r i z a t io n .  S in ce  i t  had p r e v io u s l y  
been shown t h a t  t h e  th e rm a l  c o n d u c t i v i t y  o f  g ase s  and L iqu ids  
which c o n t a i n  p o l a r  m o lecu le s  showed a s i m i l a r  e f f e c t  in  
an e L e c t r i c  f i e l d ,  i t  was i n f e r r e d  t h a t  i n  beeswax thermo- 
e l e c t r e t s  t h e r e  a r e  o r i e n t e d  d i p o l e s .  I t  was su g g es ted  t h a t
9
G. G ro e tz in g e r  and H. K re t s c h .  Z. P h y s i k . , C I I I  
( L936 ) , 337. ”
measurement o f  t h i s  thermsL c o n d u c t i v i t y  d i f f e r e n c e  wouLd 
be a more c h a r a c t e r i s t i c  measure o f  th e  e l e c t r e t  e f f e c t ,  
s i n c e  s u r f a c e  ch a rg es  cou ld  be compensated and reduced  even 
w h i le  th e  m a t e r i a l  remained p o l a r i z e d .
The th e rm a l  c o n d u c t i v i t y  o f  e i e c t r e t s  was r a r e l y  
m easured .  I n s t e a d  th e  method o f  m easur ing  th e  d i s c h a r g e  
c u r r e n t  t h a t  flowed upon r e h e a t i n g  th e  e l e c t r e t  became a 
pow erfu l  t o o l  t o  measure t h e  f r o z e n  in  p o l a r i z a t i o n .
Bernhard G r o s s ^ abc made many c a r e f u l  measurements o f  i s o ­
th e rm a l  and n o n - i s o th e r m a l  c u r r e n t  measurements on e i e c t r e t s ,  
and c o r r e l a t e d  t h e  c h a rg in g  and d i s c h a r g in g  c u r r e n t s  w i th  
th e  s u r f a c e  ch a rg e  b e h a v io r  as  measured by a L i f t e d  e l e c t r o d e  
method. The e x p e r im e n ta l  t e c h n iq u e  o f  m easur ing  th e  c u r r e n t  
d e l i v e r e d  to  an ex te rn aL  c i r c u i t  by th e  e l e c t r e t  when r e ­
h ea ted  to  t h e  form ing te m p e ra tu r e  became known as  t h e  
G r o e tz in g e r  method; Gross  i n t e r p r e t e d  t h e  i n t e g r s L  under  
t h e  c u r r e n t  v s .  t im e  cu rv e  as  a measure o f  th e  p o L a r i z a t io n
of  th e  e l e c t r e t .  In  t h e  p r e s e n t  work such c u r r e n t - t i m e
pLots  a r e  r e f e r r e d  to  as  th e rm a l  d i s c h a r g e  c u r v e s .
By 1948 G r o s s 1 t h e o r i e s  o f  t h e  mechanism o f  th e  h e t e r o ­
c h a rg e  and th e  homocharge were w e l l  dev e lo ped .  He a s c r i b e d
^ a B. G ross ,  P h y s . Rev. > LVII (1 94 0 ) ,  57.
l0 b B. G ross ,  P h y s . R e v . , LXVI (19 44 ) ,  26 -28 .
LOcB. Gross and L. F. Denard, P hys .  R ev . ,  LXVII 
(1 9 4 5 ) ,  253.
th e  e l e c t r e t  phenomenon to  th e  enormous in c r e a s e  in  c h a rg in g  
and d i s c h a r g in g  r a t e s  o f  th e  d i e L e c t r i c  w i th  r i s e  o f  temper­
a t u r e .  Two p ro c e s s e s  occur  s im u l ta n e o u s ly .  F i r s t  d i e L e c t r i c  
a b s o rp t io n  in v o lv in g  ions  a n d /o r  o r i e n t e d  d i p o l e s  occu rs  
in  th e  i n t e r i o r  of t h e  e l e c t r e t .  Second, co n du c t io n  c u r ­
r e n t s  in  th e  i n t e r f a c e  between e l e c t r o d e  and d i e l e c t r i c  
produce t h e  homocharge. In  p o l a r  su b s ta n c e s  he thought  
t h a t  d ip o le  o r i e n t a t i o n  was p robab ly  th e  mechanism of the  
h e te ro c h a rg e .
Gross and h i s  co-w orkers  in  BrsziL  have done much of 
th e  im p o r tan t  q u a n t i t a t i v e  work on e i e c t r e t s  s i n c e  L9^8. 
However, G ro ss ’ ca refuL  ex p e r im e n ta l  work c o n s t i t u t e s  a 
d e s c r i p t i o n  of t h e  phenomenon more th an  an e x p la n a t io n  
t h e r e o f .  To say t h a t  th e  a b s o r p t i v e  c a p a c i t a n c e  of wax 
d i e l e c t r i c s  i s  h ig h e r  than  i s  commonly b e l ie v e d  i s  no t  to  
e x p la in  why i t  i s  so h igh .
The L i t e r a t u r e  s in c e  L9U8 and up to  th e  y e a r  I960 i s  
reviewed i n  a book by two R uss ian  p h y s i c i s t s ,  V. M. F r id k in  
and I .  S . Z h e L u d e v .^  Although th e  book i s  m ainly  about 
p h o t o e l e c t r e t s , th e  c h a p te r  on th e rm o e L e e t re t s  i s  e x c e l l e n t .
There wiLL be no a t te m p t  to  rev iew  t h i s  L i t e r a t u r e  
e i t h e r .  The most i n t e r e s t i n g  developments d u r in g  t h i s  p e r io d
^ V .  M. F r id k in  and I .  S. Zheludev, P h o t o e l e c t r e t s  
and th e  E le c t ro p h o to g ra p h ic  P rocess  (New York: C o n s u l ta n ts  
b u reau ,  i9 6 0 ) ,  ppT I -327
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foLLow. By h i s  c a r e f u l  q u a n t i t a t i v e  work Gross and h i s  
co -w orkers  proved t h a t  th e  hotnocharge was indeed an i n ­
j e c t e d  c h a rg e .  In  e L e c t r e t a  hav ing  bo th  h e te r o c h a rg e  and 
homocharge Gross showed how th e  two ty p e s  might be demon­
s t r a t e d  in  th e rm a l  d i s c h a r g e  c u rv e s ,  and how s im u ltan eo us  
measurement o f  t h e  s u r f a c e  c h a rg e  and th e  d i s c h a r g e  c u r r e n t  
a l lo w s  th e  e x p e r im e n te r  to  d i s t i n g u i s h  between th e  c o n t r i ­
b u t io n  t o  t h e  thermsL d i s c h a r g e  cu rve  from h e te r o c h s rg e  and 
homocharge. E ssen t isL L y  what Gross d id  was t o  dem o n s t ra te  
e x p e r i m e n ta l ly  t h a t  t h e  d i s c h a r g e  c u r r e n t  could  be e x p re ssed  
as I  = i  + dcf/dt,  t h a t  i s  a s  th e  sum( o f  a co n d u c t io n  c u r r e n t  
(from t h e  homocharge) and a d i s p la c e m e n t  c u r r e n t  (from th e  
h e t e r o c h s r g e ) .  For  e L e c t r e t a  made w i th  f ie L d s  Low enough
to  avoid  t h e  homocharge, i  = 0 and I  = d o / d t .  Th is
L2p o s s i b i l i t y  was d em on s tra ted  e x p e r i m e n ta l ly .  I t  foLLows 
then  t h a t  under  c o n d i t i o n s  o f  no homocharge,
which i s  a s t a te m e n t  t h a t  t h e  i n t e g r a l  o f  t h e  thermaL d i s ­
cha rg e  c u r r e n t - t i m e  cu rve  i s  a measure o f  t h e  h e te ro c h a rg e .
I f  an e l e c t r e t  has bo th  a h e t e r o c h a rg e  and a homocharge 
th e  s u r f a c e  ch a rg e  e x h i b i t e d  by th e  e L e c t r e t  depends upon 
which i s  g r e a t e r .  I f  t h e  h e t e r o c h s r g e  i s  g r e a t e r  i n  magni­
tu de  th an  th e  homocharge, th e n  th e  e L e c t r e t  e x h i b i t s  a
l 2 B. G ro ss ,  J .  Chem. P h y s . . XVII (19 49 ) ,  869 .
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h e te r o c h a r g e .  I f  t h e  h e te ro c h a rg e  decays  more r a p i d l y ,  
a s  i t  a p p a r e n t l y  d o es ,  then  th e  s u r f a c e  charge  o f  th e  
e l e c t r e t  d im in i s h e s  to  ze ro  and t h e  a p p a re n t  homocharge 
a p p e a r s .  T h is  b e h a v io r  e x p l a i n s  t h e  o r i g i n  o f  t h e  t e r m i ­
no logy  " i n t r i n s i c  h e te r o c h a rg e  and homocharge, "  and 
" a p p a re n t  cha rge  o f  th e  e l e c t r e t . "
I f  one cou ld  slow down t h e  decay of t h e  h e t e r o c h a r g e ,
t h e  cha rg e  r e v e r s a l  phenomenon, m ight be d e la y e d ,  a c c o rd in g
13to  G ro s s ’ i d e a s .  In  f a c t  Wiseman and Linden s to r e d  
e i e c t r e t s  a t  l i q u i d  n i t r o g e n  te m p e ra tu re s  and slowed t h e  
decay o f  th e  h e te roch s rg e , .
14
In  19S3 Gemant t r i e d  a g a in  to  e x p l a i n  t h e  mechanism 
of  th e  e l e c t r e t .  G ro ss ’ work had shown q u i t e  c o n v in c in g ly  
t h e  n a t u r e  of t h e  homocharge, . i . e .  i n j e c t e d  c h a rg e ,  bu t  s a id  
n o th in g  about  t h e  n a t u r e  of  t h e  h e te r o c h a rg e  mechanism. 
Gemant now proposed  a com bina t ion  o f  t h r e e  b a s i c  p ro c e s s e s  
to  e x p l a i n  e l e c t r e t  b e h a v io r .  These were (1 )  d i p o l e  o r ien ~  
t a t i o n  and th e  c o l l e c t i o n  o f  t h e s e  o r i e n t e d  d i p o l e s  i n t o  
domains; (2 )  io n i c  d i s p la c e m e n ts  w i t h i n  t h e  m a t e r i a l ;  and 
(3 )  sp ray  ch a rg es  from th e  e l e c t r o d e s  d u r in g  c o o l i n g ,  . i . e .  
i n j e c t e d  c h a rg e .  According.  Jto t h i s  th e o ry  t h e  h e te r o c h s rg e  
r e s u l t s  from bo th  d ip o l e  o r i e n t a t i o n  and ion  d i s p la c e m e n t s .
13G. G. Wiseman and E. G. L inden ,  E l e c t . Eng. , LXXII 
(1 9 5 3 ) ,  869.
14
A. Gemant, D i r e c t  C u r r e n t ,  I  (19 53 ) ,  IU5.
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The sp ra y  c h a rg e  which would cause  a homocharge i s  i n i t i a l l y  
l e s s  th a n  th e  io n  d i sp la c e m e n t  space  c h a r g e s , w i th  which 
i t  c o e x i s t s ,  and th u s  t h e  e l e c t r e t  shows an i n i t i a l  h e t e r o ­
c h a rg e .  The h e t e r o c h a rg e  decay i s  due to  t h e  m ig r a t io n  o f  
h e t e r o c h a r g e - i o n s  away from th e  s u r f a c e ,  whereas  homocharge- 
i o n s ,  o r  s p r a y  c h a r g e s ,  remain a t t a c h e d  to  t h e  d o m a in - l ik e  
d i p o l a r  g ro u p s .  The homocharge cann o t  decay  u n t i l  t h e  
domains d i s o r i e n t ,  which f a c t  e x p l a i n s  t h e  long l i f e t i m e  
o f  t h e  homocharge.
T h is  t h e o ry  o f  Gemant e x p l a i n s  many f e a t u r e s  o f  e l e c t r e t  
decay .  However i t  f a i l s  t o  e x p la in  th e  c o e x i s t e n c e  o f  th e  
h e t e r o c h a rg e  and homocharge i f  bo th  a r e  i o n i c .  Only by 
assuming t h a t  t h e  h e t e r o c h a r g e - i o n s  a r e  more m obile  o r  l e s s  
a t t r a c t e d  to  t h e  domains can  t h i s  t h e o r y  succeed  in  e x p l a i n ­
in g  t h e  d i f f e r e n t  decay r a t e s .  I t  i s  d i f f i c u l t  t o  see  how 
sp ra y  c h a rg e  can be o t h e r  th a n  ions  in  t h e  d i e l e c t r i c  body, 
and i f  so why th e y  a r e  n o t  n e u t r a l i z e d  by th e  h e t e r o c h a r g e -  
i o n s .  Also i t  i s  d i f f i c u l t  to  u n d e rs ta n d  why t h e  d i p o l a r  
group a t t r a c t i o n s  do n o t  "lock-in** th e  h e t e r o c h a r g e - i o n s  as  
w e l l  as  th e  hom ocharge- ions .  A lthough i t  i s  i n t e r e s t i n g  i n  
t h a t  i t  combines th e  i o n i c  and p o l a r  o r i e n t a t i o n  t h e o r i e s ,  
and t h e r e  i s  e x p e r im e n ta l  e v id en c e  f o r  b o th ,  t h i s  t h e o r y  
ca n n o t  be c o n s id e r e d  to  be e n t i r e l y  s a t i s f a c t o r y .
S in ce  th e  p u b l i c a t i o n  o f  Gemant*s l a t e s t  t h e o r y  t h e r e  
has been f u r t h e r  e v id en c e  g a th e r e d  to  s u p p o r t  t h e  e x i s t e n c e
i*4
of o r i e n t e d  d i p o l e s  o r  ' o r i e n t e d  d i p o l a r  domains i n  e l e c t r e t s .  
Th is  i s  th e  work o f  K. V. F i l i p p o v a ^  who worked w i th  
p o ly (m e th y L m eth ac ry la te )  e l e c t r e t s .  She found t h a t  thermo- 
e l e c t r e t s  cou ld  be formed w i th  h e a t i n g  p e r io d s  o f  o n ly  L.5 
to  2 hours  and o p t i c a l  a n i s o t r o p y  would n o t  a p p e a r .  When 
h e a t in g  t im e was more th an  f o u r  hours  o p t i c a l  a n i s o t r o p y  
was o b se rv e d ,  and th e  t h e r m o e l e c t r e t  ch a rg es  decayed com­
p l e t e l y  in  60-80 days ,  whereas  o p t i c a l  a n i s o t r o p y  was s t iL L  
c o n s i d e r a b l e  a f t e r  7-10 months.
T h is  work shows, a s  does X -ray  d i f f r a c t i o n ,  t h a t  t h e r e  
a r e  d e f i n i t e  s t r u c t u r a l  changes in  th e  body o f  e l e c t r e t s  due 
t o  th e  h ea t  t r e a tm e n t  in  th e  e l e c t r i c  f i e l d s .  The s t r u c t u r a l  
change i s  n o t  e s s e n t i a l  to  e l e c t r e t  fo rm a t io n ,  n o r  does i t  
d i s a p p e a r  upon decay  o f  th e  e l e c t r e t  a t  room te m p e ra tu r e .  
F i l ip p o v a  conc luded  t h a t  th e  p o l a r i z a t i o n  o f  t h e s e  e l e c t r e t s  
i s  due to  t h e  o r i e n t a t i o n  o f  d i p o l e  groups which may have 
been bound to  l a r g e r  a g g r e g a te s  and which r o t a t e d  th o se  
a g g r e g a t e s .  The o r i e n t a t i o n  of such a g g r e g a te s  would in  
t u r n  produce  o p t i c a l  a n i s o t r o p y .  The e l e c t r e t  decay r e s u l t e d  
from t h e  d i s o r d e r i n g  o f  th e  dipoLe groups w i th o u t  d i s o r d e r i n g  
th e  Larger  a g g r e g a t e s ,  and th u s  th e  o p t i c s L  a n i s o t r o p y  
su rv iv e d  th e  e L e c t r e t  f i e l d  decay .
K. V. F i l i p p o v a ,  I z v e s t .  Akad. Nauk SSSR, S e r .  F i z . t 
XXII (19^*8), 3*43.
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S t i l l ,  more ev id en c e  t h a t  something o t h e r  than  ion 
m otion  was in v o lv ed  in  e l e c t r e t  b eh a v io r  comes from th e  
work of  Froiman and F r i d k i n 1"6 on th e  h e te ro c h a rg e  o f  e l e c ­
t r e t s .  They d e r iv e d  a t h e o r e t i c a l  e x p r e s s io n  f o r  th e  
d i s c h a r g e  c u r r e n t  as  a f u n c t i o n  o f  t e m p e ra tu r e  and t im e 
and compared t h e o r e t i c a l  d i s c h a r g e  cu rv es  w i th  e x p e r im e n ta l  
o n es .  T h e i r  fundam en ta l  t h e o r e t i c a l  a ssum ption  was t h a t  
th e  d i s c h a r g e  was due to  th e  motion o f  weakly bound io n s  
in  th e  e l e c t r e t ' s  i n t e r n a l  f i e l d .  The e x p e r im e n ta l  e l e c -  
t r e t  th e rm a l  d i s c h a r g e  cu rves  d i s a g re e d  w i th  th e  t h e o r e t i c a l  
i n  th e  r e g io n  beyond th e  maximum. These workers  concluded 
t h a t  t h e  r i s e  o f  c u r r e n t  due to  h e a t in g  was p ro b a b ly  due to  
t h e  motion of  io n s  i n  i n t e r n a l  f i e l d s  o f  th e  t h e r m o e l e c t r e t  
and t h a t  th e  slow decay p e rhaps  was due to  th e  p re se n c e  o f  
an o r i e n t e d  d i p o l e  s t r u c t u r e .
Much o f  t h e  r e l u c t a n c e  to  a c c e p t  a mechanism f o r  th e  
e L e c t r e t  e f f e c t  which p o s t u l a t e d  p o l a r  m o lecu les  o r i e n t i n g ,  
o r  c l u s t e r s  o f  p o l a r  molecuLes fo rm ing  p o l a r  domains, was 
due to  t h e  f a c t  t h a t  t h e  measured s u r f a c e  ch a rg e s  seemed 
too  Large to  be a t t r i b u t e d  to  o r i e n t e d  molecuLes. One can
c a l c u l a t e  t h a t  i f  a i l  t h e  m olecu les  in  a sarapLe of  d e n s i t y
22 310 moLecules/cm were a l i g n e d ,  and each had a d i p o l e
moment o f  one Debye, th e  r e s u l t i n g  s u r f a c e  ch a rge  would be
^ A .  I .  Froiman and V. M. F r i d k i n ,  K r i s t a i i o g r a f i y a ,
I  (19 5 6 ) ,  3M2.
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-6 , 2 abo u t  3 x 10 coulombs/cm . S ince  observed  h e te r o c h a r g e s
- 9 - 7  2a r e  on t h e  o r d e r  o£ 10 to  10 coulombs/cm , one would
have to  assume t h a t  one p e r c e n t  o f  th e  m o lecu les  o r  more
cou ld  be a l i g n e d  t o  accoun t  f o r  th e  observed  s u r f a c e  c h a rg e s .
T h is  i s  an u n re a s o n a b le  a s su m p t io n ,  s i n c e  t h e  f r a c t i o n  of
m o lecu les  a l i g n e d  w i th  th e  f i e l d  shou ld  obey a Boltzmann
d i s t r i b u t i o n  f u n c t i o n ,  and in  f a c t  be q u i t e  s m a l l ,  to o  sm al l
t o  acco u n t  f o r  t h e  observed  h e t e r o c h a r g e .  A lso  Johnson and
C a r r ' s  r e p o r t  o f  s u l f u r  e l e c t r e t s * " 7 , B a ld u s '  d i s c o v e r y  o f
L8t h e  e l e c t r e t  e f f e c t  i n  n a p h th a le n e  , and Gubkin and S k a n a v i ' s
19r e s u l t s  w i th  i n o r g a n ic  t i t s n s t e  e l e c t r e t s  a l l  d i sco u rag ed
a d i p o l e  t h e o ry  o f  t h e  h e te r o c h a rg e .
Baldus f i r s t  r e p o r t e d  in  1954 th e  h e te ro c h a rg e  i n
n a p h th a l e n e ,  and B elyaev ,  B e l ik o v a ,  F r i d k i n ,  and Zheludev
20i n  1958 exper im en ted  f u r t h e r  w i th  n a p h th a le n e .  The 
c o n c lu s io n s  were t h a t  t h e  e l e c t r e t  e f f e c t  in  n a p h th a le n e  
was due to  t h e  l o c a l i z a t i o n  o f  e l e c t r o n s  in  deep t r a p s  in  
t h e  c r y s t a l  s t r u c t u r e ,  and t h a t  t h e  mechanism o f  fo rm a t io n  
o f  t h e s e  n a p h th a le n e  t h e r m o e l e c t r e t s  was e s s e n t i a l l y  th e
L70 .  J .  Johnson and P. H. C a r r ,  Phys. R ev . ,  XLII 
(1 9 3 2 ) ,  912.
18
W. Baldus ,  Z. angew. P h y s ik , VI (19 34 ) ,  481.
19A. N. Gubkin and G. I .  S kanav i ,  I z v e s t .  Akad. Nauk
SSSR, S e r . F i z . , XXII (1 95 8 ) ,  330.
20L. M. Belyaev, G. S. B e l ik ov a ,  V. M. F r i d k i n ,  and
I .  S. Zheludev,  K r i s t a l l o g r a f i y a , I I I  (1958) ,  6 .
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same as  t h a t  f o r  p h o to e L e c t r e t s  o f  th e  same m ate r iaL .
I f  d i p o l a r  a l ignm en ts  were r e s p o n s ib l e  f o r  the  thermo-
e l e c t r e t  e f f e c t ,  i t  seemed re a s o n a b le  to  expec t  d i e l e c t r i c
c o n s ta n t  changes in  wax e l e c t r e t s  due to  th e  p o l a r i z a t i o n .
21In  195*4 Wikstrom r e p o r t e d  £ and tan&  th e  same as in  the
22
n o n p o la r ize d  s t a t e .  In  1955 Gerson and Rohrbaugh a l s o
23re p o r te d  no change. In  1958 Gubkin and Skanavi found no
change in  €  and ta n  o f  t i t a n a t e  e l e c t r e t s  compared with
u n p o la r iz e d  samples.  However, in  1955 C h a t t e r j e e  and
2*4Bhadra r e p o r t e d  changes o f  €. o f  carnauba wax when e l e c ­
t r e t s  were formed; changes o f  t h r e e  o rd e r s  o f  magnitude 
were observed .  Also they  found a r i s e  in  t a n £ .  In  1958
Bhadra2^ r e p o r t e d  * w^e r e  €]_ i® th e  p e r m i t t i v i t y
a long  th e  d i r e c t i o n  o f  p o l a r i z a t i o n ,  and £  i s  the  p e rm i t ­
t i v i t y  p e r p e n d ic u la r  to  th e  d i r e c t i o n  of p o l a r i z a t i o n ;
€ be ing  th e  p e r m i t t i v i t y  of an u n p o la r iz e d  sample. Attempts
26to  r e p e a t  th e  exper im en ts  of th e  In d ia n s  have f a i l e d .
21 S. Wikstrom, Arkiv  F y s i k , VII (195*4), 213.
22R. Gerson and J .  H. Rohrbaugh, J .  Chem. P hy s . ,  
XXIII (1955) ,  2381.
23A. N. Gubkin and G. I .  Skanavi,  I z v e s t . Akad.
Nauk SSSR S e r .  F i z .  , XXII (1958) ,  330.
2*4S. D. C h a t t e r j e e  and J .  C. Bhadra, P hys . Rev. . 
XCVIII (1955),  1728.
2 5 T. C. Bhadra, In d ia n  J .  Phys . ,  XXXII (1958),  281. 
26 See C hapter  V, t h i s  work.
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The two m ajor  c o n t r i b u t i o n s  to  th e  phenom enological
t h e o r y  o f  e l e c t r e t  b e h a v io r  d u r in g  th e  p e r io d  1948-60 were
27 28th o s e  o f  W. F. G. Swann and A. N. Gubkin. Swann's
th e o ry  i s  d i s c u s s e d  in  C h ap te r  IV and G ubkin 's  a d d i t i o n a l  
c o n t r i b u t i o n s ,  m ain ly  th e  id ea  o f  "d e g ree  o f  s h o r t - c i r c u i t ­
i n g , "  i s  a l s o  e x p la in e d  in  t h i s  c h a p te r .
The most im p o r tan t  pape r  in  t h e  l i t e r a t u r e  s i n c e  1960
29was one by B. Gross and R. J .  de Moraes in  1962. T h is  
p ap e r  d e s c r i b e s  a s e r i e s  of ex p e r im en ts  des igned  to  d e te rm in e  
w hether  t h e  e l e c t r e t  h e te ro c h a rg e  i s  t r u l y  a volume c h a rg e .  
The i n t e r n a l  cha rg e  d i s t r i b u t i o n  o f  h e te ro ch a rg e d  e l e c t r e t s  
was measured by a s e c t i o n i n g  method and th e  r e s u l t s  showed
t h a t  " t h e  cause  o f  th e  h e te ro c h a rg e  i s  a un ifo rm  volume
p o l a r i z a t i o n . "  T h is  im p re s s iv e  paper  s e t t l e s  th e  q u e s t i o n  
o f  w hether  o r  n o t  t h e  e l e c t r e t  e f f e c t  i s  a space  cha rge  
e f f e c t  o r  a volume e f f e c t .  I t  i s  a volume e f f e c t  o f  s t i l l  
unknown mechanism.
I t  has been r e p o r t e d  t h a t  th e  c o n s e c u t iv e  a p p l i c a t i o n  
o f  d i r e c t  ( c o n s t a n t )  f i e l d s  and a l t e r n a t i n g  e l e c t r i c  f i e l d s  
o f t e n  p roduces  more s t a b l e  e l e c t r e t s  th an  th o s e  o b ta in e d  
w i th o u t  t h e  a l t e r n a t i n g  f i e l d .  P a r a f f i n  wax, n a p h th a le n e ,
2 7 W. F. G. Swann, J .  F r a n k l in  I n s t . ,  CCL (1 95 0 ) ,  219 .
2 8 A. N. Gubkin, Z h u r . Tekh. F i z . , XXVII (1 9 5 7 ) ,  1954.
29 B. Gross and R. J .  de Moraes, J .  Chem. P h y s . ,
XXXVII (19 62 ) ,  710.
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s u l f u r ,  P e r s p e x ,  and E b o n i te  were used i n  t h e s e  ex p e r im e n ts  
30by P o lo v ik o v .  A lso ,  s i n c e  th e  book o f  F r i d k i n  and Zheludev
t h e r e  have been more p a p e rs  on th e  ce ram ic  i n o r g a n ic  e l e c -
31, 32, 33, 3**, 35 t r e t s .  ’
36In  i960 B e e le r ,  S t r a n a t h a n ,  and Wiseman r e p o r t e d  
some e f f e c t s  of  c e r t a i n  p o l a r  vapors  on e l e c t r e t  b e h a v io r .  
Vapors used were w a te r  and ch lo ro b e n z e n e ,  th e  e l e c t r e t s  
be in g  made o f  p o ly v in y l  a c e t a t e ,  p o l y e th y l e n e ,  a c r y l i c  
r e s i n s ,  and carnauba  wax. The vap o rs  r e p o r te d L y  d ec rea se d  
t h e  r e l a x a t i o n  t im e  and in c r e a s e d  th e  magnitude o f  th e  
volume p o l a r i z a t i o n .
Many of  t h e  r e c e n t  e l e c t r e t  p a p e r s  a r e  concerned  w i th  
" r a d i o e l e c t r e t s , "  which a r e  formed by i r r a d i a t i n g  th e  d i e l e c ­
t r i c  in  an e l e c t r i c  f i e l d  w i th  h ig h -e n e rg y  b e ta  o r  gamma 
r a d i a t i o n .  The p io n e e r in g  p ap e r  i s  from th e  B r a z i l i a n  group
30 F. I .  P o lov ik ov ,  F i z . Tverdogo T e l a . ,  I  (1 9 5 9 ) ,  783.
31Gubkin and S k an av i ,  I z v e s t . Akad. Nauk SSSR S e r .
F i z .
^ E .  S c h l e i c h e r ,  E x p e r . Tech . d e r  P h y s . .  VII  (1 959) ,
168.
33J .  W. N o r th ro p ,  J .  A p p l . P h y s i c s , XXXI ( I 9 6 0 ) ,  2293.
3*tA. N. Gubkin and V. F. S e rg ie n k o ,  F i z . D i e l e k t r i k o v  
(Moscow; Akad. Nauk SSSR) . XI ( I 9 6 0 ) ,  150.
35A. N. Gubkin and G. 1. S k an av i ,  F i z . Tverdogo 
T e l a . ,  I l l  (1961) ,  297.
^ J .  R. B e e le r ,  J .  D. S t r a n a t h a n ,  G. G. Wiseman,
J .  Chem. P h y s i c s , XXXII ( i 9 6 0 ) ,  Ub2.
3 7Murphy, C osta  R i b e i r o ,  MiLanez, and de Moraes.  Two y e a r s
38e a r l i e r  Wolfson and Dyment had i n v e s t i g a t e d  t h e  d i s c h a r g e  
of e l e c t r e t s  by gamma r a d i a t i o n ,  bu t  n o t  t h e  fo rm a t io n  o f  
e l e c t r e t s  by t h i s  p ro c e d u re .
39Gubkin and M a t s o n a s h v i l i  p r e s e n te d  some more d a ta  on
ca rn aub a  wax e l e c t r e t s  in  1962, and summarized th e  p r e s e n t
id e a s  abou t  t h e  p e r s i s t e n t  p o l a r i z a t i o n .  The d isp lacem en t
o f  e l e c t r o n s  and t h e i r  c a p tu r e  in  " t r a p s "  i s  p o s t u l a t e d  as
a mechanism f o r  th e  h e t e r o c h a r g e .
X -rays  were used to  s tu d y  o r i e n t a t i o n s  a t  t h e  e l e c t r o d e s
when e l e c t r e t s  were made o f  c e t y l  alcohoL in  an exper im en t  
AOby Chandy. He r e p o r t s  p r e f e r r e d  o r i e n t a t i o n s  bu t  no 
homocharge.
AIO’Konski and Bergmann r e p o r t e d  a new e l e c t r o - o p t i c  
e f f e c t  in  1962. They r e p o r t  a s h i f t  in  c o l o r  o f  aqueous 
m ethy lene  b lu e - m o n t m o r i l l o n i t e  complexes in  t h e  p re se n c e  o f  
an e l e c t r i c  f i e l d .  They c a l l  t h i s  e f f e c t  "e lec t rom e tach rom ism
37P. U. Murphy, S. C os ta  R i b e i r o ,  F. MiLanez, and R. J  
de Moraes, J .  Chem. P h y s i c s , XXXVIII (1 96 3 ) ,  2A00.
38J .  L. Wolfson and J .  C. Dyment, H e a l th  P h y s i c s ,
VII  (L96L), 36.
39A. N. Gubkin and B. N. M a tso n ash v iL i ,  S o v ie t  P h y s ic s  
S o l id  S t a t e , IV (1 9 6 2 ) ,  878.
AOK. C. Chandy, N a tu r w i s s e n s c h a f t e n ,  XLIX (19 6 2 ) ,
102.
C. T. O'Konski and K. Bergmann, J .  Chem. P h y s i c s , 
XXXVII (1 96 2 ) ,  L573.
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Although th e  paper  has n o th in g  to  do w i th  e l e c t r e t a ,  t h i s
a u th o r  f e e l s  t h a t  such an e f f e c t  may be u s e f u l  in  th e  f u t u r e
to  measure e l e c t r e t  f i e l d s  w i th in  t r a n s p a r e n t  e l e c t r e t s .
42In a most r e c e n t  development Bhatnagar has r e p o r t e d
t h e  p ro d u c t io n  o f  e l e c t r e t s  by magnetic  in s t e a d  o f  e l e c t r i c
f i e l d s .  In  a paper commenting on t h i s  r e p o r t  Mathews and 
43P e te r s o n  su g g es t  a mechanism. They su g g es t  t h a t  h e a t in g  
produces paramagnetism (by f r e e  r a d i c a l s  o r  o th e rw is e )  
which d i s a p p e a r s  on c o o l in g ,  l e a v in g  a r e s id u e  o f  c o - o r i e n t e d  
e l e c t r i c  p o l a r i z a t i o n .  These a u th o r s  seemed unaware o f  th e  
n o te  by C h a t t e r j e e  and S u t r a d h a r  r e p o r t i n g  paramagnetism 
in  cam au b a  wax subsequen t  to  i t s  p o l a r i z a t i o n .  Although 
th e  p ro d u c t io n  of such m a g n e t o e l e c t r e t s , and even th e  p r e s ­
ence o f  paramagnetism in  e l e c t r e t s ,  remains unconfirmed by
o t h e r  e x p e r im e n te r s ,  such e f f e c t s  a r e  n o t  im p o ss ib le .  In 
451956 McMahon r e p o r t e d  t h a t  s t r o n g  m agnetic  f i e l d s  a f f e c t e d  
t h e  d i e l e c t r i c  c o n s t a n t  change which i s  observed d u r in g  th e  
l i q u i d - s o l i d  phase  change. .However, McMahon was no t  u s ing
42C. S. B ha tnagar ,  I n d ia n  J .  Pure Appl. P h y s . ,  I I  
(1964),  331.
43
J .  H. Mathews and P. I .  P e te r s o n ,  B u l l . Amer.
P h y s . Soc . .  X (1965) ,  163.
44S. D. C h a t t e r j e e  and J .  G. S u t r a d h a r ,  Mote in  
Die N a tu r w is s e n s c h a f t e n . XLII (1955) ,  366.
4 5 W. McMahon, J .  A . .C .  S . ,  LXXVIII (1956) ,  3290.
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carnauba wax, but 3 , 4 , 5 , - tr ic h L o r o -o -x y le n e  and nltrowax.
The w ea l th  of d a ta  which e l e c t r e t  t h e o r i e a  must e x p l a i n  
i s  indeed  s t a g g e r i n g .  U n f o r tu n a t e l y ,  t h e r e  i s  l i t t l e  
s t a n d a r d i z a t i o n  o f  t h e  p ro c e d u re s  used t o  form o r  to  measure 
t h e  e l e c t r e t s ,  so t h a t  i t  i s  d i f f i c u l t  to  c o r r e l a t e  one 
e f f e c t  w i th  a n o th e r .
CHAPTER I I
THE VARIABLES AND THE PROBLEM
For a number o f  r e a s o n s ,  p ro g re s s  i n  e l e c t r e t  r e s e a r c h  
has  been r e l a t i v e l y  slow compared w ith  t h a t  in  o t h e r  f i e l d s  
o f  s o l i d - s t a t e  p h y s i c s .  F i r s t ,  work o f  a q u a n t i t a t i v e  
n a t u r e  w i th  s t a t i c  e l e c t r i c  f i e l d s  i s  n o t o r i o u s l y  d i f f i c u l t .  
F r i c t i o n a l  s t a t i c  c h a rg e s  on s u r f a c e s ,  d i s c h a r g e  o f  p o te n ­
t i a l s  v ia  t h e  su r ro u n d in g  a tm osphere ,  and c o m p l ic a t in g  
s u r f a c e  phenomena a r e  some o f  t h e  d i s c o u ra g in g  a s p e c t s  o f  
such work. A nother  f a c t o r  has been t h a t  t h e  b e s t  e l e c t r e t  
m a t e r i a l s ,  t h e  c l a s s i c a l  e l e c t r e t s  so to  speak ,  have been 
ca rnauba  wax and v a r io u s  wax m ix tu r e s .  These a r e  com pl ica ted  
m ix tu re s  o f  s u b s t a n c e s ,  w i th  which one canno t  e a s i l y  work 
and which a r e  n o t  e a s i l y  r e p ro d u ced .  E l e c t r e t s  have never  
found many r e a l l y  good a p p l i c a t i o n s ,  s in c e  e l e c t r i c  f i e l d s  
a r e  so r e l i a b l y  a t t a i n a b l e  by o t h e r  means; t h i s  l a c k  of 
a p p l i c a t i o n  has p ro b a b ly  slowed p r o g re s s  in  th e  f i e l d .
The major d e t e r r e n t  t o  e l e c t r e t  r e s e a r c h ,  in  th e  
o p in io n  o f  t h i s  a u t h o r ,  has been th e  absence  of a c l e a r  
s t a t e m e n t  o f  t h e  v a r i a b l e s  which must be s tu d ie d  o r  con­
t r o l l e d ,  and th e  absence  o f  a te rm in o lo g y  f o r  d e s c r i b in g  
th e s e  v a r i a b l e s .  Only by e x t e n s i v e  s e a r c h in g  o f  t h e
23
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l i t e r a t u r e  and com ple te  a n a l y s i s  o f  t h e  h i s t o r y  o f  e l e c t r e t s  
can one make i n t e l l i g e n t  c h o ic e s  o f  e i t h e r  th e  c o n d i t i o n s  
b e s t  s u i t e d  f o r  e l e c t r e t  fo rm a t io n  o r  t h e  p o s s i b l e  v a r i a b l e s  
which must be c o n t r o l l e d .  C o n s id e r in g  t h i s  s t a t e  o f  a f f a i r s ,  
i t  seems p r o f i t a b l e  t o  d ev o te  a c h a p te r  to  c l a r i f y i n g  th e  
problem and d e f i n i n g  and naming t h e s e  v a r i a b l e s .
The v a r i a b l e s  a r e  c o n v e n ie n t l y  su bd iv ided  i n t o  t h r e e  
c a t e g o r i e s :  v a r i a b l e s  o f  co m p o s i t io n  and c o n s t r u c t i o n ,  
v a r i a b l e s  o f  formation,^* and v a r i a b l e s  o f  measurement.  They 
w i l l  be d i s c u s s e d  in  t h i s  o r d e r .
A. V a r i a b l e s  o f  co m p os i t io n  and c o n s t r u c t i o n
The c h o ic e  o f  an e l e c t r e t  m a t e r i a l  w i l l  depend upon 
t h e  o b j e c t  o f  t h e  r e s e a r c h ,  o f  c o u r s e ,  bu t  s e v e r a l  g u id e ­
l i n e s  can be g iv e n .  Carnauba wax i t s e l f  has become a 
s t a n d a r d  r e f e r e n c e  s u b s ta n c e  i n  e l e c t r e t  work, n o t  because  
i t  i s  w e l l  s u i t e d  t o  be a s t a n d a r d ,  bu t  because  t h e r e  i s  a 
g r e a t  amount o f  d a ta  on i t s  e L e c t r e t  p r o p e r t i e s  w i th  which 
th e  pe r fo rm ance  of o t h e r  e l e c t r e t s  can be compared. I t s  
d i s a d v a n ta g e s  a r e :  i t s  co m p l ica ted  chem ica l  co m p o s i t io n ;  
i t s  b r i t t l e  n a t u r e — i t  i s  e a s i l y  c rack ed  or  c h ip p ed ;  i t s  
Large th e rm a l  c o e f f i c i e n t  o f  exp an s io n  (and c o n t r a c t i o n )
^Formation  i s  used h e re  to  mean th e  t e c h n iq u e s  by 
which a sem i-perm anent  p o l a r i z a t i o n  i s  im parted  to  t h e  
d i e L e c t r i c  m a te r ia L .
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which makes i t  d i f f i c u l t  t o  mold; i t s  o p a c i t y  (which Large ly  
r u l e s  ou t  s p e c t r o s c o p i c  s t u d i e s ) ;  and i t s  h e t e r o g e n e i t y  
o f  c r y s t a l  s t r u c t u r e .  D e s p i t e  a l l  t h e s e  d i s a d v a n ta g e s  one 
can  h a r d ly  choose a n o t h e r  s t a n d a r d  e l e c t r e t  s u b s ta n c e  w i t h ­
o u t  dou b ts  a s  t o  w h e th e r  th e  mechanism f o r  t h e  phenomenon 
might be d i f f e r e n t  i n  t h i s  new s u b s ta n c e .  When e l e c t r e t  
mechanisms have become c l e a r e r ,  and when one can c a t e g o r i z e  
t h e  d i f f e r e n t  m a t e r i a l s  as  t o  th e  mechanism by which th ey  
a c q u i r e  t h e i r  e l e c t r e t  p r o p e r t i e s ,  then  more s u i t a b l e  
s t a n d a r d  s u b s ta n c e s  can  be ch osen .
The p l a s t i c s ,  such as  p o ly v in y l  a c e t a t e ,  p o ly (m e th y l -  
m e t h a c r y l a t e ) , and s i m i l a r  s u b s ta n c e s  have been used as  
e l e c t r e t  m a t e r i a l s .  They a r e  ea s iL y  machined t o  th e  r e ­
q u i r e d  shape and a r e  good d i e l e c t r i c s .  I t  i s  n o t  y e t  
d e f i n i t e  t h a t  t h e i r  mechanism o f  e l e c t r e t  fo rm a t io n  i s  
s im iL a r  to  t h a t  o f  t h e  ca rnauba  wax e l e c t r e t s ,  bu t  d a ta  
c o l l e c t e d  so f a r  i n d i c a t e s  t h a t  t h e  mechanisms a r e  s im iL a r .  
I f  s o ,  one o f  t h e s e  may become t h e  s ta n d a rd  e l e c t r e t  sub­
s t a n c e  in  t h e  f u t u r e .
A no ther  c o m p le te ly  u n i n v e s t i g a t e d  p o s s i b i l i t y  i s  th e  
use  o f  ionomers a s  e l e c t r e t s .  Ionomers a r e  a new ty p e  o f  
poLymer r e c e n t l y  announced by th e  E. I .  du Pont  de Nemours 
Company. In  t h e s e  polymers  t h e  c r o s s - L i n k in g  i s  p rov ided
^D. A. K i e f e r ,  " C h e m i s t r y C o l l i e r ' s  Encyc loped ia  
(1964 Y earbook) ,  MCMLXVII, 164,
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by i o n i c  bonds i n s t e a d  o f  c o v a le n t  o n es .  A lthough s t r o n g e r  
th an  normal po lym ers ,  ionomers a r e  t r a n s p a r e n t  and should  
p o s s e s s  i n t e r e s t i n g  d i e l e c t r i c  p r o p e r t i e s .
The t i t a n a t e s  have been e x t e n s i v e l y  used by th e  R uss ians  
3
t o  form e l e c t r e t s .  These i n o r g a n ic  e l e c t r e t s  a r e  s u f f i ­
c i e n t l y  d i f f e r e n t  from th o se  made from carnauba  wax t o  
s u g g e s t  t h e  h y p o th e s i s  t h a t  th ey  o p e r a t e  by a d i f f e r e n t  
mechanism.
To th e  ch e m is t  i t  seems r e a s o n a b le  to  t r y  a g r e a t  
v a r i e t y  o f  pure  s u b s ta n c e s  as  e l e c t r e t s .  Whole s e r i e s  o f  
o rg a n ic  compounds s u g g e s t  th e m s e lv e s ,  as  w e l l  a s  c e r t a i n  
i n o r g a n i c  compounds. However, many o f  th e s e  a r e  n o t  p r a c ­
t i c a l  e l e c t r e t  s u b s ta n c e s  because  o f  th e  p h y s i c a l  c o n s i s t e n c y  
o f  t h e i r  p o t y c r y s t a i l i n e  s o l i d  form. Masses o f  f i n e  c r y s ­
t a l s  o f  some compound would e x h i b i t  more s u r f a c e  phenomena 
th a n  volume p o l a r i z a t i o n .  S i n g le  c r y s t a l s  of t h e s e  
s u b s ta n c e s  would make i n t e r e s t i n g  e l e c t r e t s ,  b u t  no work 
o f  t h i s  k ind  has been r e p o r t e d .  Another  p o s s i b i l i t y  i s  t h e  
s o l u t i o n  o f  c e r t a i n  compounds in  a b in d e r  m a t e r i a l  which 
w i l l  p ro v id e  th e  n e c e s s a r y  p h y s i c a l  c o n s i s t e n c y .
The m e l t in g  p o i n t  o f  t h e  s u b s ta n c e  i s  o f  p r a c t i c a l  
im por tance  in  t h e  c h o ic e  o f  th e rm a l  e l e c t r e t  m a t e r i a l ,  
s i n c e  th e  h e a t i n g  p ro c e s s  i s  n e c e s s a r y .  I f  room te m p e ra tu re
3
A. N. Gubkin and G. I .  S kanav i ,  I z v e s t .  Akad. Nauk 
SSSR S e r .  F i z . ,  XXII (1 95 8 ) ,  330.
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i s  t o  s e rv e  a s  th e  Lower o f  th e  two te m p e ra tu r e  L im i t s ,  
t h e  s u b s ta n c e  must have a meLting p o i n t  a p p r e c i a b l y  above 
room te m p e ra tu r e  f o r  su ccess fuL  e l e c t r e t  f o rm a t io n .  This  
p o i n t  i s  f u r t h e r  d i s c u s s e d  in  t h e  n ex t  s e c t i o n  on v a r ia b L e s  
o f  fo rm a t io n .
The method used f o r  sh ap in g  t h e  e L e c t r e t  and p la n in g  
i t s  s u r f a c e s  a l s o  i s  t o  be c o n s id e r e d  a lo n g  w i th  th e  mate­
r i a l  u sed .  I f  t h e  h a rd n ess  o f  t h e  m e te r iaL  wiLL p e rm i t  i t ,  
m achin ing  o f  th e  e l e c t r e t  to  a d e s i r e d  shape i s  p ro b a b ly  
b e s t .  In  t h e  c a se  o f  ca rnauba  wax t h i s  can be done, bu t  
i t s  b r i t t L e n e s s  d i s c o u ra g e s  t h i s  t e c h n iq u e .  MoLding the  
e l e c t r e t  to  a d e s i r e d  shape  i s  p o s s i b l e ,  and p ro b a b ly  g iv e s  
a d i f f e r e n t  s u b - s u r f a c e  c r y s t a l l i n e  s t r u c t u r e  th an  m achin ing .  
A com b ina t ion  of molding and s u r f a c e  p oL ish in g  was used 
f o r  t h e  ca rnauba  wax e L e c t r e t s  i n  t h i s  r e s e a r c h .
B. V a r i a b l e s  o f  Form ation
There a r e  a t  Leas t  f o u r  d i s t i n c t  t e c h n iq u e s  which can 
form e l e c t r e t s .  They a r e :
L. h e a t  t r e a tm e n t  d u r in g  f ieL d  a p p L ic a t io n - - th e rm o -  
e L e c t r e t s ;
2 . l i g h t  t r e a tm e n t  d u r in g  f i e l d  a p p l i c a t i o n - - p h o t o -  
e l e c t r e t s ;
3. exposu re  to  high ene rgy  r a d i a t i o n ,  such as  
^ - r a d i a t i o n ,  d u r in g  f i e l d  a p p L i c a t i o n - - r a d i o e L e c t r e t s ;
I
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4 .  e l e c t r i c  f i e l d  a p p l i c a t i o n  a lo n e - - n o  g e n e r a l  name 
o t h e r  th a n  p e r s i a t e n t  p o l a r i z a t i o n .
Thia  work i s  concerned  p r i m a r i l y  w i th  t h e r m o e L e c t r e t s , 
and th e  o t h e r  methods w i l l  n o t  be d i s c u s s e d .  The fo rm a t io n  
te c h n iq u e  w i t h i n  t h e  a r e a  o f  th e rm o e L e c t r e t s  c o n t a i n s  t h e  
foLLowing v a r i a b l e s :
A pplied  f i e l d . The e l e c t r i c  f i e l d  a p p l i e d  d u r in g  
fo rm a t io n  of t h e  e l e c t r e t  i s  normalLy a d . c .  f i e L d .  VoLt- 
ages  o f  LOO to  20 ,000  v o l t s  have been used p e r  c e n t i m e t e r  
o f  e l e c t r e t  m a t e r i a l .  Low f i e l d s  (0-3000 v o l t s / c m )  in  
g e n e r a l  p roduce  h e te r o c h a rg e s  o n ly .  H igher  f i e l d s  may 
produce bo th  h e te r o c h a rg e s  and homocharges, o r  onLy homo­
c h a rg e s ,  depending  upon th e  m a t e r i a l  u sed .  In  f a c t  th e  
3000 v/cm Lim it  a p p l i e s  to  ca rnauba  wax and i s  p ro b a b ly  
n o t  a p p l i c a b l e  in  generaL to  o t h e r  s u b s t a n c e s .
A d . c .  f i e l d  w i th  a superimposed a . c .  component has 
been u s e d .^  Very L i t t l e  i s  known abou t  th e  e f f e c t  o f  t h e  
a . c .  component. C o nce ivab ly  a . c .  f i e l d s  w i th o u t  a d . c .  
component, o r  waveshapes o t h e r  th an  s i n u s o i d a l ,  could  be 
u sed ,  bu t  t h e o r y  a t  p r e s e n t  cannot  p r e d i c t  t h e  r e s u l t s  o f  
such e x p e r im e n ts .
See C h ap te r  V under " c o n s t a n t  t e m p e ra tu re  
p o l a r i z a t i o n . "
^F. I .  P o lo v ik o v ,  F i z .  Tverdogo T e l a . ,  I  (1959) ,
783.
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Tem pera tu re  ch a n g e . The upper  and Lower t e m p e ra tu re  
L im its  o f  t h e  fo rm a t io n  p rogram , and t h e i r  d i f f e r e n c e ,  a r e  
im p o r ta n t  v a r i a b l e s . No s y s t e m a t i c  s tu d y  of  th e  dependence 
of  f r o z e n - i n  ch a rg e  o n A T  has been r e p o r t e d .  I n d i c a t i o n s  
a r e  t h a t  L a rg e rA T  v a lu e s  produce Larger  e l e c t r e t  e f f e c t s ,  
o t h e r  t h i n g s  b e in g  e q u a l .  A Low te m p e ra tu r e  Lower th an  
room te m p e ra tu r e  m u l t i p l i e s  t h e  e x p e r im e n ta l  d i f f i c u l t i e s  
o f  ch a rg e  measurement.
Exposure  to  h igh  v o l t a g e  p r i o r  to  h e a t i n g . There was 
no r e a s o n  t o  b e l i e v e  t h a t  exposu re  to  h igh  v o l t a g e  a t  room 
te m p e ra tu r e  would c o n t r i b u t e  t o  t h e  subsequen t  e l e c t r e t  
e f f e c t  which was f r o z e n - i n  t h e r m a l l y .  However, d a t a  ob­
t a i n e d  in  t h i s  r e s e a r c h  c o n t r a d i c t  t h i s  v iew. Exposure to  
h igh  voLtage w i th o u t  h e a t in g  can produce a p o L a r i z a t io n  
which can s u b s e q u e n t ly  g iv e  a thermaL d i s c h a r g e  c u rv e .
T h is  i s  a p o l a r i z a t i o n  t h a t  decays  more r a p i d l y  t h a n  th e  
normal f r o z e n - i n  p o L a r i z a t i o n .  T h is  o b s e r v a t io n  i n d i c a t e s  
t h a t  p r e - t r e a tm e n t  ex p o su re  t im e  can be a f a c t o r  which 
a f f e c t s  t h e  overaLL p o L a r i z a t i o n ,  and th u s  t h i s  t im e  should  
be k e p t  c o n s t a n t .
H e a t in g  t i m e . The r a p i d i t y  w i th  which t h e  oven h e a t s  
th e  e l e c t r e t  m a t e r i a l  from th e  Low to  th e  h igh  t e m p e ra tu re  
i s  an im p o r ta n t  v a r i a b l e .  I t  i s  c o n t r o l l e d  i n  most work 
by t h e  d e s ig n  o f  th e  oven. The h e a t i n g  i s  c u s t o m a r i l y  done
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as  r a p i d l y  as  p o s s i b l e .  I t  i s  n o t  d i f f i c u l t  t o  keep t h i s  
v a r i a b l e  c o n s t a n t ,  bu t  i t  i s  d i f f i c u l t  to  cau se  i t  t o  be 
s i m i l a r  to  t h a t  i n  someone e L s e ' s  work. A ls o ,  t h e  th e rm a l  
c o n d u c t i v i t y  o f  ca rnauba  wax i s  so low t h a t  t h e  t im e  r e ­
corded  f o r  h e a t i n g  t h e  oven i t s e l f  may n o t  be t h e  t im e f o r  
h e a t in g  t h e  i n t e r i o r  o f  t h e  wax. Whether o r  n o t  h e a t in g  
t im e  has a s i g n i f i c a n t  e f f e c t  on th e  f i n a l  f r o z e n - i n  
ch a rg e  i s  n o t  known. No s y s t e m a t i c  i n v e s t i g a t i o n s  o f  t h i s  
v a r i a b l e  have been r e p o r t e d .
High t e m p e ra tu re  exposu re  t i m e . P ro b ab ly  t h e r e  i s  a 
minimum tim e d u r in g  which an e l e c t r e t  shou ld  be m a in ta in ed  
a t  t h e  h igh  t e m p e r a tu r e .  Most e x p e r im e n te r s  seem to  f e e l  
t h a t  a f t e r  s e v e r a l  hours  of exp o su re  t h e  c o o l in g  should  
b e g in .  F u r t h e r  ex po su re  to  t h e  h igh  te m p e ra tu r e  i s  n o t  
th o u g h t  t o  be e f f e c t i v e .  A p p a re n t ly  some s o r t  o f  s a t u r a t i o n  
phenomenon o r  s t e a d y - s t a t e  c o n d i t i o n  i s  e n v i s io n e d  which 
makes lo n g e r  exposu re  u n n e c e s s a ry .  There  i s  no r e a l  e v i ­
dence one way o r  t h e  o t h e r ,  and t h i s  a u th o r  chose a f o u r  
hour ex po su re  t ime r a t h e r  a r b i t r a r i l y .
C o o l in g  t i m e . The r a p i d i t y  w i th  which t h e  sample i s  
coo led  i s  a l s o  a f u n c t i o n  o f  th e  oven geometry i n  most 
c a s e s ,  s i n c e  c o o l in g  i s  u s u a l l y  accom plished  as  r a p i d l y  as 
p o s s i b l e .  Once a g a in  t h e r e  i s  ve ry  l i t t l e  d a ta  on th e  
r e l a t i o n s h i p  o f  t h i s  v a r i a b l e  t o  t h e  f r o z e n - i n  c h a rg e .
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H old ing  t i m e . A f t e r  c o o l i n g ,  t h e  e l e c t r e t  remains  f o r  
some t im e a t  t h e  low te m p e ra tu r e ,  p o l a r i z e d  and s t i l l  under  
t h e  i n f l u e n c e  o f  th e  a p p l i e d  f i e l d .  The q u e s t i o n  can be 
r a i s e d  a s  to  w he the r  an e l e c t r e t  "k eep s"  b e t t e r  s t o r e d  in  
t h i s  way o r  s t o r e d  s h o r t - c i r c u i t e d .  Th is  h o ld in g  t ime 
p ro b a b ly  has l i t t l e  e f f e c t  because  t h e  c o n d i t i o n s  a r e  sim­
i l a r  t o  th e  exposu re  to  h igh  v o l t a g e  b e fo re  h e a t in g .
W ithou t  d e f i n i t e  e v id en c e  t o  su p p o r t  t h e s e  s p e c u l a t i o n s  one 
shou ld  hold  t h i s  t im e c o n s t a n t  a l s o  whenever p o s s i b l e .
S to r a g e  t i m e . During s t o r a g e  e l e c t r e t s  a r e  a lm os t  
i n v a r i a b l y  s h o r t - c i r c u i t e d .  Th is  t r e a tm e n t  t h e o r e t i c a l l y  
r e d u c e s  th e  i n t e r n a l  f i e l d  to  a minimum and a l low s  th e  
e l e c t r e t s  to  r e t a i n  t h e i r  ch a rg e  f o r  long p e r io d s  of  t im e .  
There i s  c o n s i d e r a b l e  ev id en c e  to  su p p o r t  t h i s  t h e o r y .  
E l e c t r e t s  do m a in t a in  t h e i r  f r o z e n - i n  p o l a r i z a t i o n  b e s t  
when s t o r e d  s h o r t - c i r c u i t e d .  S h o r t - c i r c u i t e d  h e te r o c h a rg e s  
can  s lo w ly  decay and s t o r a g e  t im e should  be c o n s id e re d  to  
be a v a r i a b l e  a f f e c t i n g  sub seq u en t  m easurements .
C. V a r i a b l e s  o f  Measurement
The m easur ing  p ro c e s s  i t s e l f  i n t r o d u c e s  many v a r i a b l e s  
i n t o  t h e  problem . I t  i s  r e l a t i v e l y  easy  t o  measure th e  
t im e  r a t e  o f  change o f  ch a rg e  on th e  e l e c t r e t ,  but  i t  i s  
v e ry  d i f f i c u l t  t o  measure i t s  a c t u a l  c h a rg e .  The m easur ing  
t e c h n iq u e s  a r e  d i s c u s s e d  in  t h e  n e x t  c h a p t e r ,  b u t  i t  can
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be p o in te d  ou t  t h a t  t h e r e  i s  onLy one ve ry  r e l i a b l e  t e c h ­
n iq u e ,  and i t  d i s t u r b s  c o n d i t i o n s  w i t h i n  th e  e l e c t r e t  l e a s t  
b e f o r e  t h e  m easur ing  p ro c e s s  b e g in s .  Th is  t e c h n iq u e  con­
s i s t s  o f  s t o r i n g  t h e  s h o r t e d  e l e c t r e t  u n t i l  i t  i s  connec ted  
to  t h e  e l e c t r o m e t e r  th rough  which i t  i s  d i s c h a rg e d  th e rm a l ly  
(G r o e t z i n g e r  m ethod) .  U n f o r tu n a t e l y  t h i s  method r e q u i r e s  
r e h e a t i n g  f o r  measurement o f  th e  f r o z e n - i n  ch a rg e ,  u n p o la r -  
i z e s  th e  e l e c t r e t ,  and d e s t r o y s  th e  p r o p e r t y  be in g  measured.
What i s  needed i s  a t e c h n iq u e  f o r  m easur ing  th e  e x t e n t  
o f  p o L a r i z a t i o n  in  th e  sample by a n o n - d e s t r u c t i v e  t e c h ­
n iq u e  which can be accom plished  w i th o u t  e v e r  removing th e  
s h o r t i n g  e l e c t r o d e s .  Such a t e c h n iq u e ,  a l th o u g h  n o t  y e t  
d i s c o v e r e d ,  i s  v e ry  p o s s i b l e  and some p o s s i b i l i t i e s  a r e  
proposed  i n  C hap te r  VI.
C e r t a i n l y  once t h e  e L e c t ro d e s  a r e  removed th e  e l e c t r e t  
i s  n e v e r  a g a in  t h e  same because  c o u n te r  ch a rg es  a r e  c o l ­
l e c t e d  from th e  a tm osphere .
Out o f  t h i s  maze o f  v a r i a b l e s  t h e  e x p e r im e n te r  i s  
r e q u i r e d  to  choose onLy a few to  m a n ip u la te .  The o t h e r s  
must remain  c o n s t a n t  th ro u g h o u t  t h e  r e s e a r c h .  S ince  i t  
was d e s i r e d  to  Learn as  much as  po ss ibL e  abo u t  t h e  mecha­
nism of  t h e  h e t e r o c h a rg e  w i th o u t  th e  i n t e r f e r e n c e  o f  the  
homocharge, t h e  appLied f i e l d  was more o r  Less d i c t a t e d .
A f ieL d  o f  L000 v o l t s  p e r  0 .6  c e n t i m e t e r  o r  abou t  1700 
voLts/cm was chosen and used th ro u g h o u t  th e  i n v e s t i g a t i o n .
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I t  was tho u g h t  t h a t  i n s i g h t  i n t o  th e  problem , ’’what 
i s  t h e  mechanism of  th e  h e t e r o c h a rg e  i n  ca rnauba  wax 
e L e c t r e t a ? ” , cou ld  be ga ined  by t h e  fo l lo w in g  p ro c e d u re :
1. Develop t e c h n iq u e s  to  measure and c h a r a c t e r i z e  
ca rnauba  wax e l e c t r e t s .
2 .  Take a u f f i c i e n t  d a ta  on ca rnauba  wax e l e c t r e t s  to  
d em o n s t ra te  r e p r o d u c i b i l i t y .
3. Add s e l e c t e d  s o l u t e s  to  t h e  ca rnauba  wax to  f in d  
o u t  what g e n e r a l  ty p e  o f  s o l u t e  m olecu le  c o n t r i b u t e s  to  
t h e  h e t e r o c h a rg e  m agn i tude ,  and what so L u te 8  d i s c o u ra g e  
t h e  fo rm a t io n  o f  h e t e r o c h a r g e .
The co m p o s i t io n  o f  ca rnauba  wax i s  known w i t h i n  c e r t a i n  
l i m i t s . 6  The m ajor components o f  th e  wax a r e  a l k y l  e s t e r 8  
o f  wax a c i d s ,  84-85% by w e ig h t .  F ree  a c id s  and a l c o h o l s  
a r e  a l s o  p r e s e n t  i n  sm al l  p e r c e n t a g e s .  A cids  o f  carbon  
c h a in  l e n g th  C^g t o  CgQ a r e  p r e s e n t  t o  t h e  e x t e n t  o f  3-3.5%. 
The a l c o h o l s  a r e  C2 J4 t o  C3 4  c h a i n s ,  some o f  which a r e  p o ly -  
hydroxy l  a l c o h o l s ,  and which a r e  p r e s e n t  to  t h e  e x t e n t  o f  
2-3%. L a c t i d e s  a r e  a l s o  p r e s e n t ,  2-3%. The rem a in de r  o f  
th e  a n a l y s i s  i s :  a c i d - s o l u b l e  r e s i n s ,  4-6%; hydrocarbons ,  
L.5-3%; and m o is tu r e  and m in e ra l  m a t t e r ,  0 .5 -1% .^
6 S. D. Koonce and J .  B. Brown, O i l  and Soap, XXI 
(19 4 4 ) ,  167.
7
A. H. Warth,  The C hem is try  and Technology of  Waxes 
(New York: R e inho ld  P u b l i s h i n g  C o r p o r a t io n ,  1956),  p .  17L.
3^
In  view of t h i s  a n a l y s i s  a ch o ice  of s o l u t e s  w ith  
which t o  va ry  th e  carnauba wax was made. A Long-chain 
a c id ,  a lo n g -c h a in  a l c o h o l ,  and a lo n g -c h a in  e s t e r  were 
chosen .  I t  was though t  t h a t  i f  th e  a c id  c o n t r i b u t e d  most 
to  th e  h e te ro c h a rg e  e f f e c t  one could  conclude t h a t  i o n ic  
conduc tance  was an im p o r tan t  f a c t o r .  I t  seemed Logical  to  
suppose t h a t  th e  f r e e  a c id  m olecu les  would c o n t r i b u t e  most 
to  th e  c o n d u c t i v i t y  o f  t h e  wax, o r  more p r e c i s e l y ,  t h a t  
t h e i r  so L v o ly s is  p ro d u c ts  wouLd. I f  both  a l c o h o l  and ac id  
m olecu les  enhanced th e  h e te ro c h a rg e  one might concLude t h a t  
th e  p re se n ce  o f  any p o l a r  group was th e  im p or tan t  f a q t o r  
r a t h e r  than  i o n i z a t i o n .  In  t h i s  ca se  th e  added e s t e r  
should  a l s o  s l i g h t l y  enhance th e  e f f e c t .
The e f f e c t  of a l l  t h e s e  added s o l u t e s  on th e  h e t e r o ­
ch a rge  decay r a t e  might be f u r t h e r  i n d i c a t i o n  of the  
mechanism. I f  th e  a c id  enr ichm ent  r e s u l t e d  in  f a s t e r  
decay r a t e s ,  but th e  aLcohol and e s t e r  enr ichm ent d id  n o t ,  
t h e n  th e  assum ption  o f  a c id  i o n i z a t i o n  would be f u r t h e r  
v e r i f i e d .  I f  a l l  t h r e e  s o l u t e s  had no e f f e c t  on th e  decay 
t im e o f  th e  h e te ro c h a rg e  one could  concLude t h a t  e i t h e r  
none o f  t h e s e  soLutes  were ionogens in  carnauba wax, o r  
t h a t  ion co nd u c t ion  was n o t  t h e  mechanism r e s p o n s i b l e  f o r  
th e  h e te ro c h a rg e  decay.
T h is  then  was th e  b a s i c  pLan of  th e  r e s e a r c h .  As so 
o f t e n  happens in  r e l a t i v e l y  unexplored  a r e a s  t h e r e  came
t o  L igh t  d u r in g  th e  i n v e s t i g a t i o n  s e v e r a l  new phenomena 
which in f lu e n c e d  th e  i n t e r p r e t a t i o n  of  t h e  d a t a .  What 
t h e s e  phenomena were,  and how t h e i r  p re se n c e  was i n t e r ­
p r e t e d  w i l l  be e x p la in e d  i n  C h a p te r  VI.
CHAPTER III
INSTRUMENTATION FOR ELECTRETS
An o p e n - c i r c u i t e d  e l e c t r e t  p o s s e s s e s  an i n t e r n a l  f i e l d  
which r e s u l t s  in  i t s  decay and an e x t e r n a l  f i e l d  which can 
be d i r e c t l y  measured. A s h o r t - c i r c u i t e d  e l e c t r e t  p o s s e s se s  
v e ry  l i t t l e  f i e l d  w i th in  t h e  body of  th e  e l e c t r e t ,  no f i e l d  
o u t s i d e  th e  e l e c t r e t ,  and i n t e n s e  f i e l d s  a t  th e  d i e l e c t r i c -  
e l e c t r o d e  i n t e r f a c e s .  The problem of m easur ing  th e  e l e c ­
t r e t s  ' e x t e n t  of p o L a r iz a t io n  can be approached by 
a t t e m p t in g  to  measure:
1 . th e  i n t e r f a c i a l  f i e l d  of a s h o r t - c i r c u i t e d  e l e c t r e t ;
2 . t h e  ex te rnaL  f i e l d  o f  an o p e n - c i r c u i t e d  e l e c t r e t ;
3. th e  cha rg ing  c u r r e n t  w h i le  th e  e l e c t r e t  forms;
<4. t h e  d i s c h a r g in g  c u r r e n t  w h ile  th e  e l e c t r e t  decays;
5. o r  some p r o p e r ty  o f  th e  e l e c t r e t  m a t e r i a l  which
can be shown to  be r e l a t e d  to  t h e  e l e c t r e t  phenomenon.
A. The L i f t e d  E le c t ro d e  Method
Eguchi measured th e  i n t e r f a c i a L  f i e l d s  o f  s h o r t -
l
c i r c u i t e d  e l e c t r e t s .  He measured th e  induced cha rge  on a
lM. Eguchi,  P h i l . Mag.. XLIX (1925) ,  178.
36
37
grounded m e t a l l i c  p l a t e  t h a t  was p laced  upon th e  upper 
e l e c t r e t  s u r f a c e .  The o p p o s i t e  s i d e  of th e  e l e c t r e t  was 
always grounded. The p l a t e  was connected  to  an e l e c t r o m e t e r  
and a con d en se r  o f  known c a p a c i t y .  A f t e r  ungrounding th e  
p l a t e  on th e  e l e c t r e t ,  t h i s  p l a t e  was L i f t e d  by a s t r i n g  
and p u l l e y  mechanism t o  a h e i g h t ,  " . . . . s u c h  t h a t  th e  
i n f l u e n c e  o f  th e  d i e l e c t r i c  was no Longer s e n s i b l e , "  and 
t h e  v o l t a g e  on th e  e L e c t ro m e te r  was read  on a c a l i b r a t e d  
s c a l e .  The s u r f a c e  ch a rg e  was ta k e n  as  * CV/JtfTr .
T h is  L i f t e d  e l e c t r o d e  method has th e  advan tage  o f  
be ing  s im p le  and s t r a i g h t f o r w a r d ;  i t  r e q u i r e s  L i t t l e  e q u ip ­
ment o t h e r  th an  a good e l e c t r o m e t e r .  I t  has t h e  d is a d v a n ­
t a g e s  o f  expos ing  t h e  s u r f a c e  of th e  e L e c t r e t  d u r in g  th e  
measurement and o f  poss ibL y  in t ro d u c in g  f r i c t i o n a l  cha rges  
d u r in g  th e  motion o f  t h e  e l e c t r o d e .
This  a u th o r  t r i e d  a L i f t e d  eL e c t ro d e  a p p a ra tu s  of 
s im p le  d e s ig n .  Because an a v a i l a b l e  q u a r t z  f i b e r  eLectrom­
e t e r  cou ld  n o t  be made t o  f u n c t i o n ,  a G enera l  Radio type  
L230-A e L e c t ro m e te r  was u se d .  The e l e c t r e t  was en c lo sed  
in  a s t e e l  box, a b r a s s  eL e c t ro d e  on i t s  s u r f a c e  was L i f t e d  
by means o f  a s o le n o id  o p e ra te d  by LLO v o l t s  a . c . ,  and th e  
induced v o l t a g e  was re ad  on th e  e L e c t ro m e te r  s c a l e s .  The 
in p u t  r e s i s t a n c e  o f  t h e  eL e c t ro m e te r  could  be v a r i e d ,  bu t  
was u s u a l l y  LO^ ohms. The method was judged u n s a t i s f a c t o r y  
because  th e  f i n i t e  Load r e s i s t a n c e  of th e  eL ec t ro m e te r
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im m edia te ly  began d r a i n i n g  away th e  cha rge  a c ro s s  t h e  L mfd.
c a p a c i t o r  and th e  peak r e a d in g  on t h e  v o l t m e te r  was d e te rm in e d ,
a t  L eas t  in  p a r t ,  by th e  b a l l i s t i c s  o f  t h e  m eter  movement
and n o t  s o l e l y  by th e  induced cha rg e  on th e  e l e c t r o d e .
2Gross des igned  a " d i s s e c t i b l e  c a p a c i t o r "  which was in  
e s s e n c e  a L i f t e d  eL e c t ro d e  a p p a r a t u s .  Although he o b ta in e d  
s u r f a c e  cha rge  d a t a  he found th e  th e rm a l  d i s c h a r g e  c u r r e n t  
measurements to  be more r e l i a b l e  and a p p a r e n t l y  abandoned 
t h i s  t e c h n iq u e .
B. The V i b r a t i n g  E le c t ro d e  Method
The use  o f  a v i b r a t i n g  eL e c t ro d e  to  measure an e l e c t r i c
f i e l d ,  o r  f i e l d  g r a d i e n t ,  i s  n o t  new. T h is  method was
a p p l i e d  t o  e l e c t r e t  f ieL d  measurement by Freedman and 
3
R o se n th a l  in  L9S0. T h e i r  a p p a ra tu s  i s  a s im p le  so le n o id  
w i t h i n  which a p lu n g e r  v i b r a t e s  a t  1 2 0  cycLes pe r  second.
An e l e c t r o d e  on th e  end of  t h i s  pLunger i s  suspended above 
t h e  e l e c t r e t  s u r f a c e .  T h e i r  in s t ru m e n t  i s  p r a c t i c a l  f o r  
r e c o r d in g  changes in  th e  f ieL d  w i th  t im e ,  bu t  canno t  measure 
th e  f i e l d  n o r  can i t  d i s t i n g u i s h  which p o l a r i t y  t h e  f i e l d  
has .
P h y s i c i s t s  have Long used a method caLLed th e  "Zisman 
method" f o r  m easur ing  c o n t a c t  p o t e n t i a l s  and work f u n c t i o n s
2 B. G ro ss ,  J .  Chem. P h y s . , XVII (L9**9), 8 6 6 .
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which i s  e s se n t ia L L y  a v i b r a t i n g  e l e c t r o d e  t e c h n iq u e .  A 
s tu d y  o f  Zisman methods and f ie L d  m i l l s 5  su g g es ted  t h a t  a 
c i r c u i t  such as  t h a t  diagrammed i n  F ig u re  I would be a p p l i ­
c a b le  to  e l e c t r e t s .
In  t h i s  c i r c u i t  Ec r e p r e s e n t s  t h e  e l e c t r e t  f i e l d  v o l t ­
ag e ,  Ep th e  a p p l i e d  com pensa ting  v o l t a g e ,  and EQ th e  o u tp u t  
s i g n a l .  M i s  some m echan ica l  means f o r  o s c i l l a t i n g  th e
e l e c t r o d e  a t  an aud io  r a t e .  W ithout Ep th e  fo l lo w in g
c i r c u i t  a n a l y s i s  i s  vaL id :
Q -  C0E
dCrt dE_
i  = 4 $  = E« ...°. + Crt . ».c.J t  c d t  °  d t
I f  Ec i s  a c o n s t a n t :
• p d c °i  = E.'c d t  *
Now C = G0 d  -  £ /d  sin<k)t) i f  & d, which i s  t h e  c a s e .  
Thus
dC ,
1 “ Ec " 3 ? “  = - Ec ^ G 0  COS(o)t , 
and i f  R «  L/C:
Ee -  -EcR(i>C0  ■&: cos  <at .
I n  an in s t ru m e n t  o f  t h i s  ty pe  t h e  o u tp u t  s i g n a l  i s  n o t  on ly  
a f u n c t i o n  o f  Ec , bu t  a l s o  o f  CO ( t h e  f r e q u e n c y ) ,  and S /6  
( t h e  am p l i tu d e  of  th e  m echan ica l  v i b r a t i o n ) .  T h is  i s
**W. A. Zisman, Rev. S c i . I n s t r . ,  I I I  (1 9 3 2 ) ,  367.




F ig u re  L. C i r c u i t  o f  a F i e ld  M i l l
m
s i m i l a r  to  F reedm an 's  and R o s e n t h a l ' s  a p p a ra tu s  d e s c r ib e d  
above.
I f  Eq i s  reduced  to  ze ro  by add ing  Ep u n t i l  Ep = -Ec 
( n u l l  method) ,  th e n  Ec i s  measured w i th o u t  t h e  m echanica l  
and f re q u en cy  v a r i a b l e s  e n t e r i n g .
Such a n u l l  method seemed i d e a l  f o r  e l e c t r e t  measure­
m ents ,  and a s i m i l a r  a p p a r a tu s  was c o n s t r u c t e d .  I t  d id  no t  
p rove  s a t i s f a c t o r y .  I t  was d i s c o v e re d  t h a t  in  th e  c a se  of 
e l e c t r e t s  th e  im pressed  v o l t a g e  Ep would r e p o l a r i z e  th e  
e l e c t r e t  in  such a manner t h a t  one could  n o t  f in d  an Ep 
which would n u l l  th e  a p p a r a t u s .  The m easur ing  p ro c es s  
in t ro d u c e d  a s h o r t  t im e c o n s t a n t  p o l a r i z a t i o n  i n t o  t h e  
e l e c t r e t  m a te r iaL  and changed i t s  f i e l d  d u r in g  th e  m easure­
ment p r o c e s s .
The s o l u t i o n  t o  t h i s  problem was sug g es ted  to  t h i s  
a u th o r  by Dr. Lloyd W. M o r r i s ,  P r o f e s s o r  o f  P h y s ic s ,  
L o u is ia n a  S t a t e  U n i v e r s i t y .  Dr. M orr is  su g g es ted  i n t r o ­
d uc ing  a t h i r d  e l e c t r o d e  above th e  v i b r a t i n g  e l e c t r o d e ,  
t o  which th e  c o u n te r  p o t e n t i a l  would be a p p l i e d .  The 
v i b r a t i n g  e l e c t r o d e  would then  s h i e l d  th e  e l e c t r e t  from 
th e  a p p l i e d  c o u n te r  p o t e n t i a l .  A d iagram  o f  th e  t h r e e  
e l e c t r o d e  system i s  g iv en  in  F ig u re  2 .  Th is  system  worked 
v e ry  w e l l  and was used i n  f i e l d  measurements i n  t h i s  work.
A more com ple te  r e p r e s e n t a t i o n  of t h e  a p p a r a tu s  ap p ea rs  
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The c o u n te r  p o t e n t i a l  was suppLied to  t h e  t h i r d  e l e c ­
t ro d e  by a K e i t h l e y  model 240 r e g u l a t e d  d . c .  s u p p ly .  This  
sup p ly  w i l l  p ro v id e  0 to  +1000 v o l t s  i n  o n e - v o l t  s t e p s .  I t  
was i d e a l  f o r  t h i s  a p p l i c a t i o n  because  o f  i t s  h igh  s t a b i l i t y  
and ea sy  r e a d a b i l i t y .  No v o l t m e t e r s  were r e q u i r e d .
The m echan ica l  d e v ic e  chosen to  v i b r a t e  t h e  efeectrode 
was an e i g h t  inch  N o re lco  permanent magnet sp ea k e r  which 
was mounted on top  o f  th e  oven. A b a l s a  wood su s p e n s io n  
from th e  in n e r  sm a l l  sp e a k e r  cone he ld  t h e  v i b r a t i n g  e l e c ­
t r o d e ,  and th e  s p e a k e r  was fed  an 80 c . p . s .  s i g n a l  from 
an aud io  o s c i l l a t o r .  The u n b a lan ce  s i g n a l  induced in  th e  
v i b r a t i n g  e l e c t r o d e  was co nn ec ted  v ia  a f l e x i b l e  w i r e ,  and 
th en  c o a x i a l  c a b l e s ,  t o  th e  v e r t i c a l  i n p u t  o f  a T e k t r o n ix  
ty p e  53E/54E h igh  s e n s i t i v i t y  p r e a m p l i f i e r  in  a ty p e  531 
o s c i l l o s c o p e .
The aud io  o s c i l l a t o r  a l s o  p rov ided  80 c . p . s .  t o  th e  
sweep box whose c i r c u i t  i s  shown in  F ig u re  4 a .  The purpose  
o f  t h i s  c i r c u i t  was to  a l lo w  a d ju s tm e n t  o f  t h e  phase  o f  
t h i s  s i g n a l  b e f o re  i t  was fed  to  t h e  h o r i z o n t a l  i n p u t  o f  
t h e  o s c i l l o s c o p e .  F ig u re  2 i l l u s t r a t e s  t h e s e  c o n n e c t io n s  
c l e a r l y .
When t h e  v i b r a t i n g  e l e c t r o d e  a p p a r a tu s  was b e in g  used 
to  measure an e l e c t r e t  th e  p a t t e r n  on th e  o s c i l l o s c o p e  was 
an e l l i p s e .  T h e o r e t i c a l l y  i t  shou ld  have been an e l l i p s e  
which c lo s e d  t o  a h o r i z o n t a l  l i n e  when t h e  c o u n te r  p o t e n t i a l  
was a d j u s t e d  to  b a la n c e  th e  f i e l d  of  th e  e l e c t r e t .  However,
A5
because  t h e  mass o f  t h e  v i b r a t i n g  e l e c t r o d e  su sp en s io n  
could  n o t  e x a c t l y  f o l l o w  th e  s i n e  cu rve  v a r i a t i o n  of  th e  
a p p l i e d  80 c . p . s .  s i g n a l  t h e r e  was a n o n - s i n u s o i d a l  v e r t i ­
c a l  s i g n a l  whose second harmonic component was s u f f i c i e n t  
to  cause  t h e  b a lan c e  c o n d i t i o n  to  be o t h e r  than  a s t r a i g h t  
l i n e .  The s e l e c t a b l e  f re q u e n c y  r e sp o n s e  o f  th e  T e k t ro n ix  
p r e a m p l i f i e r  p e r m i t t e d  c o n t r o l  o f  t h i s  harmonic c o n t e n t  in  
t h e  v e r t i c a l  s i g n a l ,  and w i th  t h e  v e r t i c a l  r e sp o n se  s e t  a t  
80 c . p . s .  t o  250 c . p . s . ,  th e  b a la n c e  c o n d i t i o n  p a t t e r n  was 
a f i g u r e  e i g h t .  S k e tc h e s  o f  th e  b a la n c e  s i g n a l s  a r e  shown 
in  F ig u re  **b.
S in c e  t h i s  t e c h n iq u e  f o r  m easur ing  th e  s u r f a c e  ch a rge  
r e q u i r e s  ex p o s in g  t h e  e l e c t r e t  s u r f a c e ,  t h e  e l e c t r e t  and 
i t s  a s s o c i a t e d  e l e c t r o d e s  were e n c lo s e d  i n  a c o n t r o l l e d  
a tm osphere  en v iron m en t .  In  t h i s  r e s e a r c h  t h i s  re q u i r e m e n t  
was met by p l a c i n g  th e  e l e c t r e t  and e l e c t r o d e s  w i t h i n  a 
sm al l  oven. The sp e a k e r  was mounted on to p  o f  t h e  oven, 
and t h e  oven p la c e d  i n s i d e  a l a r g e  g lo v e -b o x  o f  P l e x i g l a s .  
A l l  t h e  c o n n e c t io n s  to  t h e  oven were cab led  th ro ug h  th e  
s i d e s  o f  th e  g lo v e -b o x  by a p p r o p r i a t e  e l e c t r i c a l  c o n n e c to r s ,  
and th e  box was f i l l e d  w i th  a d ry  n i t r o g e n  a tm osphere ,  the  
d ry in g  ag e n t  b e in g  phosphorus  p e n to x id e .
F ig u r e  5a i s  a p ho tog raph  ta k e n  th ro u g h  th e  g love-box  
w a l l  w i th  t h e  oven door open. The e l e c t r e t  can be seen  
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e l e c t r o d e  i s  j u s t  above th e  e l e c t r e t ,  end t h e  t h i r d  e l e c ­
t r o d e  i s  v i s i b l e  above i t .  F ig u re  5b shows t h e  normal 
o p e r a t i n g  c o n d i t i o n  w i th  t h e  oven door c l o s e d .  The power 
s u p p l i e s ,  t h e r m i s t o r  thermometer  and sweep box a r e  on top  
of  t h e  g lo v e -b o x .  The e l e c t r o m e t e r  i s  to  t h e  r i g h t .
F ig u re  6 a shows th e  com plete  e x p e r im e n ta l  ar rangem ent 
i n c lu d in g  t h e  r e c o r d e r  and o s c i l l o s c o p e .  In  t h i s  p i c t u r e  
t h e  au d io  o s c i l l a t o r  i s  th e  in s t ru m e n t  a t  th e  upper  l e f t .
In  F ig u re  6 b t h e  two knobs seen  above t h e  r e c o r d e r  a r e  
used to  a d j u s t  th e  r e c o r d e r  span to  co r re sp o n d  to  th e  
e l e c t r o m e t e r  o u tp u t .
C. C harg ing  and D is c h a rg in g  C u r r e n t s
C harg ing  c u r r e n t s . C harg ing  c u r r e n t s  d u r in g  th e
6p o l a r i z a t i o n  p ro c e s s  have been measured. The shape of  
such c u r r e n t - t i m e  p l o t s  depends upon t h e  oven program and 
oven c h a r a c t e r i s t i c s ,  bu t  presum ably  t h e  a rea  under  such 
c u rv es  cou ld  be c o r r e l a t e d  w i th  th e  t o t a l  cha rg e  w i t h i n  th e  
e l e c t r e t .  One m ajor d i f f i c u l t y  i s  t h a t  such c u r r e n t  
measurements a r e  made d u r in g  t h e  h e a t in g  p ro c e s s  when th e  
c o n d u c t i v i t y  o f  th e  wax i s  h i g h e s t  and t h e  s t o r a g e  o f  
cha rg e  i s  superimposed over  a c o n d u c t io n  o f  ch a rg e  th rough  
t h e  e l e c t r e t  m a t e r i a l .  No d e t a i l e d  s tu d y  has been made of
6 B. Gross and L. F. Denard, Fhys.  R ev . ,  LXVII (19**5),
253.
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t h i s  t e c h n iq u e .  Most e x p e r im e n te r s  have p r e f e r r e d  to  make 
t h e i r  n o n - i s o th e r m a l  c u r r e n t  measurements w i th o u t  t h e  p r e s ­
ence o f  t h e  p o l a r i z i n g  power suppLy, i . e . ,  t o  measure th e  
d i s c h a r g e  c u r r e n t  r a t h e r  th an  t h e  c h a rg in g  c u r r e n t .
A s h o r t - c i r c u i t e d  e l e c t r e t  a t  room te m p e ra tu re  does 
n o t  e x h i b i t  a m easu rab le  d i s c h a r g e  c u r r e n t  because  i t  i s  
n o t  d i s c h a r g i n g .  Assuming t h a t  th e  s h o r t - c i r c u i t i n g  e l e c ­
t r o d e s  f i t  c l o s e l y ,  t h e  i n t e r n a l  f i e l d  o f  th e  e l e c t r e t  i s  
to o  sm a l l  f o r  decay to  proceed  a t  a d e t e c t a b l e  r a t e .
There a r e  two b a s i c  t e c h n iq u e s  by which t h e  e l e c t r e t  may 
be caused  to  d i s c h a r g e  so t h a t  t h e  d i s c h a r g e  c u r r e n t  may 
be m easured. One method i s  i s o t h e r m a l ,  th e  o t h e r  non- 
i s o t h e r m a l .
Adams* method. In  C h a p te r  I  t h e  work of  E. P. Adams 
was m e n t io n e d .^  Adams was one o f  th e  p i o n e e r s  i n  e l e c t r e t  
r e s e a r c h ,  and h i s  ex p e r im e n ts  were w e l l - c o n d u c te d  w i th  an 
i n t e r e s t i n g  and n ove l  m easur ing  t e c h n iq u e .  Th is  t e c h n iq u e  
was e s s e n t i a l l y  th e  o b s e r v a t io n  o f  th e  change o f  cha rge  on 
th e  e l e c t r o d e  c o v e r in g  an e l e c t r e t  s u r f a c e  a f t e r  th e  e l e c ­
t r o d e  was ungrounded and i n s u l a t e d  from e v e r y th in g  bu t  th e  
e l e c t r e t .  The o th e r  e l e c t r o d e  o f  th e  e l e c t r e t  was grounded.
Adams* e l e c t r e t s  were c y l i n d r i c a l  in  sh ap e .  Three 
e l e c t r o d e s  were inv o lv ed  in  h i s  fo rm a t io n  and measurement
^E. P. Adams, J .  F r a n k l .  I n s t . , CCIV (1927) ,  **69.
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t e c h n iq u e .  F ig u re  7 i s  a d iagram in ten d ed  t o  r e p r e s e n t  th e  
Adams' method. His e L e c t r e t s  were formed a t  16,000 v/cm 
and so e x h i b i t e d  both  h e te r o c h a r g e s  and homocharges. They 
were poLar ized  from th e  m e l t  u s in g  th e  i n n e r  and o u te r  
c y l i n d r i c a l  e l e c t r o d e s .  The e L e c t r e t s  were s h o r t - c i r c u i t e d  
w h i le  th ey  were s t o r e d .  To make a measurement Adams i n s e r t e d  
th e  m easur ing  e l e c t r o d e ,  which was connec ted  to  an e l e c t r o m ­
e t e r ,  and th e n  observed  t h e  cha rge  on t h i s  e l e c t r o d e  when 
th e  i n n e r  c o n c e n t r i c  e l e c t r o d e  was ungrounded. He observed  
th e  c h a rg e  to  r i s e  from z e ro  to  some vaLue, which th en  r e ­
mained unchanged f o r  Long p e r i o d s .  Adams' exp e r im en ts  
in c lu d ed  o b s e r v a t io n s  a t  d i f f e r e n t  t e m p e r a tu r e s ,  and he 
found t h a t  th e  cha rg e  in c r e a s e d  more r a p i d l y  a t  h ig h e r  tem­
p e r a t u r e s ,  and t h a t  th e  f i n a l  vaLue o f  th e  c h a rg e  observed 
a f t e r  30 m inu tes  was g r e a t e r  a t  t h e  h ig h e r  t e m p e ra tu r e s .
ALthough i t  has n ev e r  been sugg es ted  in  th e  L i t e r a t u r e ,  
i t  i s  t h i s  a u t h o r ' s  o p in io n  t h a t  Adams m i s i n t e r p r e t e d  h i s  
d a t a .  He was o f  th e  o p in io n  t h a t  t h e  r i s e  o f  cha rge  to  a 
maximum r e p r e s e n t e d  a c o n d u c t i v i t y - c o n t r o l l e d  cha rge  d e v e l ­
opment and t h a t  th e  maximum was th e  t r u e  p o L a r i z a t i o n  cha rge  
on t h e  e l e c t r e t .  Thus he t r i e d  to  ob se rve  th e  decay of  th e  
e l e c t r e t  p o L a r i z a t io n  by o b s e rv in g  th e  change i n  t h e s e  
maxima o ver  Long p e r io d s  o f  t im e (35 d a y s ) .  His d a ta  i n d i ­
c a te d  t h a t  t h e  p o L a r i z a t i o n  decay must have an e x p o n e n t i a l  
t ime c o n s t a n t  o f  abou t  5000 h o u rs ,  a l th o u g h  he read iL y
in n e r  e l e c t r o d e
o u te r
e l e c t r o d e
o i l
ba th
measuring  e l e c t r o d e
c r o s s  s e c t i o n :  
geometry i s  c y l i n d r i c a l .
Figure 7. Adams' Method
53
ad m it ted  t h a t  th e  decay was f a r  from e x p o n e n t i a l .
The ch a rge  development p ro c e s s  i t s e l f  he a t t r i b u t e d
Q
t o  the  "volume and s u r f a c e  c o n d u c t i v i t i e s  o f  th e  e l e c t r e t , "  
and he ro u g h ly  e s t im a te d  an ave rag e  time c o n s t a n t  f o r  t h i s  
decay o f  0 . 2 2  h o u rs ,  a g a in  e x p l a i n i n g  t h a t  th e  d a ta  d id  n o t  
co r resp on d  t o  a s im ple  e x p o n e n t i a l  decay .  At t h e  t im e i t  
was n o t  u nd ers too d  t h a t  s h o r t - c i r c u i t i n g  th e  e l e c t r e t  r e ­
duced th e  i n t e r n a l  f i e l d  to  n e a r l y  z e ro ,  and i n  e f f e c t  con­
c e n t r a t e d  t h e  f i e l d  a t  th e  e l e c t r o d e - m a t e r i a l  i n t e r f a c e s .
Now, t h i r t y - e i g h t  y e a r s  l a t e r ,  i t  seems l i k e l y  t h a t  
Adams' s h o r t  t ime c o n s t a n t  ch a rg e  b u i ld u p  was t h e  h e t e r o ­
charge  decay i t s e l f ,  and th e  lo n g e r  t ime c o n s t a n t  d a ta  was 
a n o th e r  a s p e c t  o f  t h i s  same decay .  T h is  a u th o r  took  f i e l d  
d a ta  i n  many ways s i m i l a r  to  Adams, and th e  i n t e r p r e t a t i o n  
of  h i s  d a t a  from a more modern v iew po in t  ap p e a rs  i n  th e  
n ex t  c h a p te r  on phenom enologica l  t h e o r i e s .
G r o e t z i n g e r ' s m e th o d -- th e rm a l  d i s c h a r g e  c u r v e s . F r e i  
9
and G ro e tz in g e r  were o r i g i n a t o r s  o f  th e  n o n - i s o th e rm s I  
d i s c h a r g e  c u r r e n t  te c h n iq u e  by which much of  t h e  L a te r  
e l e c t r e t  work has been done. The ex trem e s i m p l i c i t y  of 
t h i s  t e c h n iq u e ,  combined w i th  th e  f a c t  t h a t  th e  e l e c t r e t  
s u r f a c e s  a r e  n e v e r  exposed t o  e x t e r n a l  c o u n te r  c h a rg e s ,
8 I b i d . ,  p .  A72.
Q
H. F r e i  and G. G ro e tz in g e r ,  F h y s ik .  Z . ,  XXXVII 
(1936) ,  720.
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i s  r e s p o n s i b l e  f o r  i t s  wide a c c e p ta n c e  and r e l i a b i l i t y  
as  a measure o f  t h e  f r o z e n - i n  ch a rg e .
The te c h n iq u e  c o n s i s t s  o f  r e h e a t i n g  t h e  e l e c t r e t  w h i le  
i t  i s  con nec ted  t o  an eL e c t ro m e te r  t h a t  has a f i n i t e  and 
known in p u t  r e s i s t a n c e .  The h e a t i n g  h a s t e n s  t h e  decay o f  
th e  i n t e r n a l  p o L a r i z a t i o n  so t h a t  th e  induced ch a rg es  on 
th e  e l e c t r o d e s  f lo w  th ro u g h  th e  e x t e r n a l  r e s i s t a n c e  and a r e  
re co rd ed  as  a th e rm a l  d i s c h a r g e  c u r r e n t .  I f  a pLot i s  made 
o f  d i s c h a r g e  c u r r e n t  v e r s u s  t ime t h e  a re a  under  t h i s  cu rve  
i s  t h e  f r o z e n - i n  c h a rg e ,  a f a c t  weLL v e r i f i e d  by Gross and 
coworker8 . ^
A G enera l  Radio ty p e  1230-A d . c .  a m p l i f i e r  and eLec­
t r o m e te r  were used in  t h i s  r e s e a r c h .  An in p u t  r e s i s t a n c e  
o f  1 0 ^  ohms was s e l e c t e d  and used th ro u g h o u t  th e  i n v e s t i ­
g a t i o n s .  The method i s  so simpLe t h a t  t h e  onLy p r e c a u t i o n s  
which must be ta k e n  a r e  (1 )  t o  keep t h e  c o n n e c t in g  Leads 
t o  t h e  e L e c t ro m e te r  as  s h o r t  as  p o s s i b l e  and s h i e l d e d ;
( 2 ) t o  avo id  m e ta l -m e ta l  j u n c t i o n  p o t e n t i a l s  which might 
t h e r m a l ly  g e n e r a t e  s p u r io u s  r e s p o n s e s ,  and (3 )  to  e l i m i n a t e  
s w i tc h e s  o r  o t h e r  c o m p l ic a t in g  f a c t o r s  from th e  c i r c u i t .  
A ny th ing  e l s e  in  t h e  c i r c u i t ,  a l th o u g h  i t  may add to  con­
v e n ie n c e  o f  o p e r a t i o n ,  wiLL p ro v id e  unwanted sh u n t  r e s i s t ­
ance p a th s  around th e  eL e c t ro m e te r  i n p u t .  The maximum
l 0 B. G ross ,  J .  Chem. P h y s . ,  XVII (L949),  8 6 6 .
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t e m p e ra tu r e  d u r in g  t h e  h e a t i n g  p ro c e a s  must be Less than  
th e  m e l t in g  t e m p e ra tu re  o f  t h e  wax in  o r d e r  to  minimize 
c u r r e n t  Losses th ro u g h  t h e  e l e c t r e t  m a t e r i a l  i t s e l f .
In  a th e rm a l  d i s c h a r g e  p l o t  th e  c u r r e n t  r i s e s  to  a 
maximum q u i t e  r a p i d l y , s t a y s  t h e r e  a s h o r t  t im e ,  and th en  
g r a d u a l l y  d e c r e a s e s  over  many hours  to  z e r o .  The e x a c t  
shape  o f  th e  th e rm a l  d i s c h a r g e  c u rv e ,  o r  TDC, as  t h i s  a u th o r  
has come to  c a l l  i t ,  i s  de te rm ined  by th e  oven program and 
c h a r a c t e r i s t i c s .  However, w i th  t h e s e  f a c t o r s  f i x e d  th e  
c u r r e n t  maxima may be compared between s i m i l a r  e L e c t r e t s  as 
an app rox im ate  i n d i c a t i o n  o f  t h e  r e L a t i v e  a r e a s  under  th e  
c u r v e s .
I f  an eL e c t ro m e te r  i s  n o t  a v a i l a b l e  f o r  e l e c t r e t  r e ­
s e a r c h ,  i t  i s  p o s s i b l e  t h a t  a pH m ete r  might be u sed .  T h is  
id ea  was t e s t e d  d u r in g  th e  c o u r se  o f  t h i s  work. I t  was 
found t h a t  a Beckman Z erom atic  pH m eter  was u n s u i t a b l e  f o r  
m easur ing  d i s c h a r g e  c u r r e n t s ,  even though o p e ra te d  on th e  
m iL livoL t  r a n g e s .  T h i s  i s  p ro b a b ly  due to  th e  p e r i o d i c  
r e s t a n d s r d i z i n g  c i r c u i t  found in  t h i s  in s t r u m e n t .
I t  was found t h a t  a Beckman model H2 pH m ete r  would 
g iv e  d i s c h a r g e  c u r r e n t  r e a d i n g s  o f  ab o u t  tw ice  t h e  v o l t a g e  
v a lu e  s s  t h a t  o f  t h e  G enera l  Radio E L ec tro m ete r .  S ince  th e  
G enera l  Radio i n s t ru m e n t  was s e t  on 1 0 ^  ohms in p u t  r e s i s t ­
an ce ,  t h i s  im p l i e s  t h a t  t h e  in p u t  r e s i s t a n c e  of th e  H2 i s  
abou t  2  x LO^ ohms, a good v a lu e  f o r  e l e c t r e t  work.
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However, i t  was found t h a t  t h e  H2 responded much s low er  to  
changes in  t h e  v o l t a g e  and r e q u i r e d  much lo n g e r  to  re a c h  
an e q u i l i b r i u m  v a lu e  when co nn ec ted .
T h is  s low  r e s p o n s e ,  a lo n g  w i th  th e  l a c k  o f  v o l t a g e
!
ran g e  s e l e c t i o n ,  i n d i c a t e s  t h a t  s im p le  pH m ete rs  would n o t
be as  u s e f u l  as  t h e  GeneraL Radio E L ec trom eter  f o r  such* ■
p u rp o s e s .  I t  i s  p o ss ib L e  t h a t  some o f  t h e  newer r e c o r d in g
pH m e te rs  might be more s u i t a b l e .
P e rhaps  i t  shouLd be mentioned t h a t  o t h e r  methods than
h e a t in g  have been used to  h a s t e n  th e  d e p o l a r i z a t i o n  p ro t ie ss .
F .  Gutman used u L t r a s o n ic  w a v e s ^  o f  about  700 k i l o c y c l e s .
1 2G ro e tz in g e r  and K re tsc h  used a s t r o n g  r a d io  f re q u en cy  
f i e l d  to  d ep o L ar ize  t h e  e L e c t r e t .  The f re q u en cy  was about  
60 m egacyc les ,  and th e  d e p o l a r i z a t i o n  was n o t  caused by 
d i e l e c t r i c  h e a t i n g .
D. O th e r  Techniques
There a r e  s e v e r a l  p r o p e r t i e s  o f  th e  e l e c t r e t  m a t e r i a l  
which , i t  would aeem, might be a l t e r e d  by i t s  s t a t e  o f  
e l e c t r i f i c a t i o n  and th u s  become a v a i l a b l e  a s  i n d i c a t o r s  of 
th e  e l e c t r e t  phenomenon. Some o f  th e s e  a r e  the rm al  conduc­
t i v i t y ,  d i e l e c t r i c  c o n s t a n t ,  m agne t ic  p r o p e r t i e s ,  and ,  f o r  
t r a n s p a r e n t  e L e c t r e t s ,  s p e c t r o s c o p i c  a b s o r p t i o n  bands and
^ F .  Gutman, R evs . Mod. P h y s i c s , XX (L948), 463.
1 2 G. G ro e tz in g e r  and H. K re t s c h ,  Z. P h y s i k . , C I I I  
(1 9 36 ) ,  337. ”  — -----
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o p t i c a l  a n i s o t r o p y .
13G ro e tz in g e r  r e p o r t e d  t h a t  t h e  th e rm a l  c o n d u c t i v i t y
was g r e a t e r  in  t h e  p o l a r i z a t i o n s  d i r e c t i o n  f o r  th e rm o e lec -
t r e t s .  T h is  o b s e r v a t i o n  and th e  a t t e m p t s  to  ob se rv e  a
d i e l e c t r i c  c o n s t a n t  change have been mentioned in  C h ap te r  I .
14I f  B h a d r s ' s  and C h a t t e r j e e ' s  exp e r im en ts  could  be r e p e a t e d  
t h i s  method would s e r v e  as  a co n v e n ie n t  t e c h n iq u e .  U n fo r ­
t u n a t e l y  e f f o r t s  to  r e p e a t  t h i s  exper im en t  have a l l  f a i l e d .  
In  C h ap te r  V an a t t e m p t  to  measure d i e l e c t r i c  c o n s t a n t  
change i s  r e p o r t e d  by t h i s  a u t h o r ;  t h e  r e s u l t s  were nega­
t i v e .  Gerson and R o h rb a u g h ^  observed  d i e l e c t r i c  c o n s t a n t  
changes on ly  f o r  e l e c t r e t s  above 50° C e n t ig r a d e ;  t h e  
e f f e c t s  were s m a l l .
C h a t t e r j e e  and S .u t radhar *'6  r e p o r t e d  t h a t  th e  m agnetic  
s u s c e p t i b i l i t y  o f  carnauba wax was changed by i t s  p o l a r i ­
z a t i o n ,  t h a t  t h e  carnauba wax in  f a c t  became p a ram ag n e t ic ,  
and t h a t  i t  th e n  s lo w ly  r e v e r t e d  t o  i t s  d iam ag n e t ic  s t a t e  
i n  abou t  30 d a y s .  The e f f e c t ,  i f  v e r i f i e d ,  would n o t  on ly  
be a s i g n i f i c a n t  te c h n iq u e  f o r  m o n i to r in g  e l e c t r e t  b e h a v io r ,
I 3 G. G r o e t z i n g e r ,  P h y s ik . Z . , XXXVII (1 93 6 ) ,  589.
14S. D. C h a t t e r j e e  and T. C. Bhadra, P h y s . Rev. , 
XCVIII (19 55 ) ,  1728.
15
R. Gerson and H. Rohrbaugh, J .  Chem. P h y s . ,
XXIII (1 9 5 5 ) ,  2381. ~
^ S .  D. C h a t t e r j e e  and N. G. S u t r a d h a r ,  Note in  
Die N a tu r w i s s e n s c h a f t e n ,  XLII (19 5 5 ) ,  366.
b u t  i t  would have im p o r ta n t  im p l i c a t io n e  about  t h e  forma­
t i o n  machaniam. I t  l a  n o t  c l e a r  i f  t h e a e  w orkers  worked 
w i th  h e t e r o c h a rg e a  o r  homocharges o r  b o th .
Thia a u t h o r  knowa of  no work on t h e  e l e c t r e t  e f f e c t  
on a p e c t r o a c o p ic  a b a o r p t io n  bands in  t r a n s p a r e n t  e l e c t r e t s .  
K. V. F i l l i p p o v a 1"7  r e p o r t e d  t h a t  p o ly (m e th y lm e th a c ry la t e )  
e l e c t r e t a  deve loped  an o p t i c a l  a n i s o t r o p y  upon p o l a r i z a ­
t i o n .  More d a ta  muat be o b ta in e d  b e f o re  any c o n c lu s io n s  
abo u t  t h i a  method a r e  drawn. C e r t a i n l y  o p t i c a l  i n t e r ­
a c t i o n s  would aeem t o  be i d e a l  t o o l a  f o r  i n v e s t i g a t i o n  o f  
th e  e l e c t r e t  s t a t e .
^ K .  V. F i l l i p p o v a ,  I z v e a t .  Akad. Nauk SSSR, S e r .  
F i s . t XXII (1 95 8 ) ,  343.
CHAPTER IV
PHENOMENOLOGICAL THEORIES
S in ce  phenomenological, t h e o r i e s  a r e  e s s e n t i a l l y  d e ­
s c r i p t i o n s  o f  th e  b eh a v io r  o f  th e  f i e l d  and cha rge  d i s t r i ­
b u t io n s  around and w i th in  e l e c t r e t s  as deduced from weLl 
known Laws of e l e c t r o s t a t i c s ,  one might conc lude  t h a t  t h e r e  
wouLd be onLy one phenom enological  th e o r y .  There  a r e  in  
th e  L i t e r a t u r e ,  however, t h r e e  phenomenoLogicaL e L e c t r e t  
t h e o r i e s  which d i f f e r  from each o t h e r  in  c e r t a i n  r e s p e c t s .  
The d i f f e r e n c e s  a r i s e  from d i f f e r e n c e s  i n  b a s i c  assum ptions  
about th e  t im e-dependence  of th e  h e te ro c h a rg e  p o L a r i z a t io n ,  
and d i f f e r e n c e s  in  i n t e r p r e t a t i o n  o f  th e  e f f e c t  o f  th e  
p re sen ce  o f  co n d u c t in g  c o a t in g s  on e l e c t r e t  s u r f a c e s .
The t h r e e  t h e o r i e s  a r e  Adams’ th e o ry ,  f i r s t  proposed
L 2in  1927, Swann's  th e o ry  p u b l i sh e d  in  L950, and G ubk in 's
3th e o ry  which appeared  in  L957. L e t  i t  be un ders too d  t h a t  
t h e s e  a r e  n o t  hypotheses  as to  t h e  mechanism of  th e  h e t e r o ­
cha rg e  o r  th e  homocharge. They a r e  s im ply  d e d u c t io n s  of
^E. P. Adams, J .  F r a n k l i n  I n s t . , CCIV (1927) ,  469.
^W. F. G. Swann, J .  F r a n k l i n  I n s t . ,  CCL (L950),
219. “
3 A. N. Gubkin, Zhur. Tekh. F i z . ,  XXVII (1957) ,
1954.
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what e l e c t r i c a l  e f f e c t s  must f o l lo w  i f  ( I )  t h e  h e te ro c h a rg e  
i s  a sem i-perm anent  volume p o l a r i z a t i o n  t h a t  i s  independen t  
o f  t h e  c o n d u c t i v i t y  o f  th e  wax, and ( 2 ) t h e  homocharge i s  
a r e a l  c h a rg e  l a y e r  e i t h e r  w i t h i n  o r  on th e  e x t e r i o r  o f  th e  
d i e l e c t r i c  s u b s ta n c e  which decays  by i o n i c  co n d u c t io n  
e i t h e r  in  t h e  s u r ro u n d in g  a i r  o r  in  th e  wax o r  bo th .
These t h r e e  t h e o r i e s  w i l l  n o t  be r e s t a t e d  here  because  
o f  t h e i r  g e n e r a l  a v a i l a b i l i t y  i n  t h e  o r i g i n a l  s o u rc e s .  
However, s i n c e  an u n d e r s t a n d in g  o f  t h e  b a s i c  problems of  
e l e c t r e t  b e h a v io r  i s  d i f f i c u l t  to  a t t a i n  by r e a d in g  th e  
l i t e r a t u r e ,  an a t t e m p t  wiLl be made i n  t h i s  c h a p te r  to  con­
t r a s t  th e  t h r e e  t h e o r i e s  and e x p l a i n  th e  r e l a t i v e  a p p l i c a ­
b i l i t y  o f  each .
k
A. Adams' Theory
Adams assumed t h a t  th e  p o l a r i z a t i o n  ( h e t e r o c h a r g e )  
obeyed a f i r s t  o r d e r  decay scheme. He assumed d P /d t  = -*P 
where tv i s  a t e m p e ra tu r e -d e p e n d e n t  c o n s t a n t .
S in ce  h i s  e l e c t r e t s  were covered  w i th  m e t a l l i c  e l e c ­
t r o d e s ,  even d u r in g  measurement o f  t h e i r  e x t e r n a l  f i e l d ,  
he r e c o g n iz e d  t h a t  t h e  p o l a r i z a t i o n  would be p a r t i a l l y  
n e u t r a l i z e d  by com pensa ting  c o u n te r  c h a rg e s ,  cr , a t  t h e  
s u r f a c e  o f  t h e  e l e c t r e t .  Then o—  P = >̂ where ^ i s  
t h e  f r e e  (uncompensated) ch a rg e  on th e  s u r f a c e .
J4
Adams, t o e .  c i t .
6 L
I t  f o l lo w s  t h a t
d>i _ do-' dP
3 t  " 3 t ”  '  a t  *
When th e  e l e c t r o d e s  a r e  s h o r t - c i r c u i t e d  = 0 .  When th e  
s h o r t  i s  removed >£ becomes n o n -z e ro  and changes w i th  t im e .  
Here i s  where Adams in t ro d u c e d  an e r r o r  i n t o  h i s  t h e o r y .
He assumed t h a t  t h e  change of  î  w i th  t im e was due t o  con­
d u c t i v i t y  th rough  and a lo n g  th e  s u r f a c e s  o f  th e  e l e c t r e t .  
The s i t u a t i o n  d e s c r ib e d  i s  i l l u s t r a t e d  in  F ig u r e  8 .
I t  has s i n c e  been shown^ t h a t  under  t h e  c o n d i t i o n s  
shown ( s h o r t - c i r c u i t e d )  t h e  f i e l d  w i t h i n  th e  e l e c t r e t  i s
i
z e ro ,  o r  n e a r l y  s o .  Thus t h e r e  shouLd be no c o n d u c t i v i t y  
th rou gh  th e  e l e c t r e t .  A modern v ie w p o in t  would be t h a t  
t h e  i n c r e a s e  of  ch a rg e  when th e  s h o r t  i s  removed i s  due to  
decay of  t h e  p o l a r i z a t i o n  ( h e t e r o c h a r g e ) ,  l e a v in g  t h e  un­
compensated induced ch a rge  on t h e  e l e c t r o d e s .
P ro c e e d in g  upon h i s  a ssum pt ions  Adams p u t  d o ' / d t  = -pty 
i n  which p  i s  a c o e f f i c i e n t  th e  r e c i p r o c a l  o f  which i s  t h e  
r e l a x a t i o n  t im e  o f  th e  e L e c t r e t  when i t  i s  re g a rd ed  as  a 
co n d e n se r ;  p  depends upon th e  volume and s u r f a c e  conduc­
t i v i t i e s  o f  t h e  e l e c t r e t  a s  w e l l  as  upon i t s  d i e l e c t r i c  
c o n s t a n t .
5 Gubkin, Zhur. Tekh. F i z . ,  XXVII (1 9 5 7 ) ,  1958
f i e l d  s e n s in g  e l e c t r o d e
r : — ~ ~ r z j ------ >
c o u n te r  ch a rg es
++++++++++++++++++++++++++
Figure 8 . Charges in  Adams' Theory
From th e  d i f f e r e n t i a l  e q u a t io n
= *  Poc ~Xt ( I )
Adams deduced t h e  t ime dependence of  ^ :
He th en  assumed 7v ve ry  sm al l  compared t o  p  . P ro b ab ly  th e  
r e v e r s e  assum ption  would have been b e t t e r .  H is  r e s u l t  was 
th e n ,  f o r  sm a l l  v a lu e s  o f  t :
bu t  t h e  o p p o s i t e  assum ption  would have r e s u l t e d  in  th e  same 
m a th em a t ica l  form, w i th  7 v r e p l a c i n g  .
From th e  c o n d i t i o n  = 0 when t  = 0, and e q u a t io n  C l) ,  
i t  fo l lo w s  t h a t  t h e  i n i t i a l  s l o p e  ( d * l ^ t ) Q would be a 
measure o f  ^ P Q. From e q u a t io n  (2 )  one can f in d
whereupon a p l o t  of ln(d»j / d t )  v e r su s  t  shou ld  g iv e  a 
s t r a i g h t  l i n e  o f  s lo p e  - /$  • Adams found t h a t  th e  p l o t  did 
n o t  g iv e  a s t r a i g h t  l i n e ,  and t h a t  th e  i n i t i a l  s lo p e  i n ­
c r e a s e d  r a p i d l y  w i th  t e m p e r a tu r e .
W. F. G. Swann p u b l i s h e d  h i s  e l e c t r e t  t h e o ry  from 1950 
to  1953. By t h i s  t im e t h e r e  was a g r e a t  d e a l  more
(2 )
B. Swann's  Theory6
** Swann, l o c .  c i t .
u n d e r s t a n d in g  o f  th e  e L e c t r e t  phenomenon. G ro s s 1 work had 
c l a r i f i e d  th e  h e t e r o c h a rg e  and homocharge c o n c e p t ,  and a 
b e t t e r  ch o ice  o f  b a s i c  a ssum pt ion s  was made p o s s i b l e .  Thus 
Swann re c o g n iz e d  t h a t  t h e  h e te r o c h a rg e  was, "a p o l a r i z a t i o n  
phenomenon o r  i t s  e q u i v a l e n t , 1* and t h a t  t h e  homocharge was 
*'a r e a l  ch a rg e  of  e l e c t r i c i t y  which somehow o r  o t h e r ,  g e t s  
i n t o  th e  body of  th e  d i e l e c t r i c  d u r in g  th e  fo rm a t io n  of 
t h e  e L e c t r e t . 11 U n l ik e  Adams, he supposed t h a t  th e  homo­
ch a rg e  does n o t  decay w i th  t im e ,  o r  t h a t  i f  i t  does ,  i t  
decays  more sLowly th an  th e  p o L a r i z a t io n  a s s o c i a t e d  w i th  
t h e  h e te r o c h a r g e  phenomenon.
One o f  Swann1s c o n t r i b u t i o n s  was t h e  c l a r i f i c a t i o n  of 
t h e  roLe pLayed by co n d u c t in g  s u r f a c e s  a f f i x e d  t o  t h e  eLec­
t r e t .  He d id  t h i s  by d i s t i n g u i s h i n g  between t h r e e  f i e l d s  
which a r e  superim posed to  ca u se  t h e  observabLe f i e l d  o u t ­
s i d e  th e  e L e c t r e t .  These a r e :
L. th e  f ie L d  due to  t h e  p o L a r i z a t io n ;
2 . th e  f i e l d  due to  th e  " r e a l 11 homocharge;
3 .  th e  f ie L d  due to  any a d d i t i o n a l  ch a rg e s  which have
come to  t h e  p l a t e s  in  o r d e r  to  s e c u re  i n i t i a l  absence  o f  
p o t e n t i a l  d i f f e r e n c e  between them ( . i . e . ,  when s h o r t e d ) .
He caLLed t h i s  t h i r d  c o n t r i b u t i o n  t h e  pseudo homo­
ch a rg e  s i n c e  i t  i s  i n d i s t i n g u i s h a b l e  from th e  imbedded 
homocharge as  f a r  as  i t s  e x t e r n a l  f ieL d  e f f e c t s  a r e  con­
c e rn e d .  T h is  co n c ep t  o f  t h e  pseudo homocharge, which i s
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r e a l l y  th e  induced charge  on the  a t t a c h e d  conduc ting  s u r ­
f a c e s ,  i s  e s s e n t i a l  to  u n d e r s ta n d in g  th e  beh av io r  of e l e c -  
t r e t s  t h a t  a r e  p a in te d  w ith  Aquadag.
Swann's approach was q u i t e  g e n e r a l .  He assumed a 
semi-permanent p o l a r i z a t i o n  Px , th e  s u b s c r i p t  r e s t r i c t i n g  
v a r i a t i o n  to  th e  a x i s  normal to  th e  p l a t e s .  He a l s o  
assumed an induced p o L a r iz a t io n  i n  an amount (K - L)E/**1T, 
where K i s  th e  d i e l e c t r i c  c o n s ta n t  o f  th e  e L e c t r e t  m a te r iaL .  
He assumed a charge  d i s t r i b u t i o n  ( t h e  r e a l  homocharge) which 
i s  onLy x -dependen t  and d i s t r i b u t e d  in  an a r b i t r a r y  manner 
th ro u g h o u t  th e  d i e L e c t r i c .  F ina lLy  he assumed t h a t  r e a l  
ch a rges  had come to  t h e  s u r f a c e s  to  produce th e  pseudo 
homocharge.
W ithout making any assum ptions  about th e  t im e depend­
ence of th e  p o l a r i z a t i o n  o r  th e  homocharge, he showed t h a t  
th e  r e l a t i o n s h i p  o f  th e  p o t e n t i a l  d i f f e r e n c e  between the  
pLates  and th e  v a r io u s  f i e l d  sou rces  was q u i t e  g e n e r a l l y :
- t ^ P d x  +(|Vdx - |Ĵx(>dxJ
Here L i s  th e  d i s t a n c e  between th e  p L a te s ;  K i s  th e  d ieL ec ­
t r i c  co n s tan t ;© "^  andO"£ a r e  th e  s u r f a c e  ch a rg e s ;  P i s  the  
p o L a r i z a t io n ,  and p i s  th e  voLume cha rge .
The s i g n i f i c a n c e  o f  th e  terms in  t h i s  e q u a t io n  foLLows. 
The f i r s t  two terms a r e  th o se  due to  th e  s u r f a c e  c h a rg e s ,  
and i f  t h e  o t h e r  terms a r e  ze ro  th e  e L e c t r e t  here  reduces  
t o  a charged c a p a c i t o r .  The t h i r d  term i s  th e  c o n t r i b u t i o n
2 'tr'L- v2  = V = —£■—* 1  - e l
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t o  V from t h e  h e t e r o c h a rg e  p o l a r i z a t i o n  and i n  o p p o s i t i o n  
to  (,<r*i - < r 2 ) in  th e  s en se  t h a t  i t  p ro v id e s  * * f i c t i t i o u s "  
ch a rg e s  to  m a in ta in  and 0 ^ 2  w*ien v = 0* The l a s t  two 
term s a r i s e  from th e  imbedded homocharge d i s t r i b u t i o n ,  which 
has th e  same s ig n  as  t h e  s u r f a c e  c h a rg e s .
Swann th e n  in t ro d u c e d  t ime dependence i n t o  t h e  homo­
ch a rg e  and h e t e r o c h a r g e .  He assumed decay o f  th e  homocharge 
by ohmic c o n d u c t io n  w i th  a t im e c o n s t a n t  (RC) and decay of  
th e  h e te r o c h a rg e  e x p o n e n t i a l l y  w i th  a t ime c o n s t a n t  ( 1 / o e ) .  
These a ssu m p tio ns  t r a n s f o r m  t h e  p re v io u s  e q u a t io n  t o :
ATT oC RC f “ -oct - t / R C l  Ct , . . .  - t /R C
v -  a  -  e c o k  I e " I J / °  voe
which i s  o b v io u s ly  s i m i l a r  t o  Adams1 e q u a t i o n ,  excep t  f o r
th e  i n t e g r a l  in  p l a c e  o f  PQ, and e x c e p t  f o r  th e  term
VQe which d e s c r i b e s  t h e  decay o f  t h e  h e te r o c h a rg e  i f
a t  t  = 0  i s  n o t  z e r o .  i . e . .  i f  t h e  e l e c t r e t  i s  removedo
from t h e  p o l a r i z i n g  v o l t a g e  w i th o u t  s h o r t - c i r c u i t i n g .
I f  t h e  t im e  c o n s t a n t  RC i s  l a r g e r  than  1/oC t h i s  equa­
t i o n  d e s c r i b e s  a b e h a v io r  s i m i l a r  to  t h a t  o f  a c t u a l  e le c *  
t r e t s  made a t  h igh  v o l t a g e s .  V i s  o r i g i n a l l y  n e g a t i v e  
(a minus VQ means a h e t e r o c h a r g e ) ,  d e c r e a s e s  w ith  t im e ,  
p a s s e s  th ro u g h  z e r o ,  mounts to  a p o s i t i v e  maximum ( th e  
homocharge) and decays  e v e n t u a l l y  to  z e r o .  D i f f e r e n t i a t i o n  
o f  t h i s  e q u a t io n  to  f i n d  t h e  maximum shows t h a t ,  i f  VQ = 0:
L -  V v  r iVm ■ -jj- (BCoc) J Pox dx ,
which shows t h a t  th e  va lue  V i s  a measure of PA i fm o
RC y  l /oc  •
Swann su g g e s ts  t h a t  a p aram ete r  o f  i n t e r e s t  i s 2 * 
which he d e f in e s  as  th e  time r e q u i r e d  f o r  V to  change from 
ze ro  to  i t s  p o s i t i v e  maximum Vm. He c o n s id e r s  t h r e e  c a s e s :
1. Where R = oo th e  p o s i t i v e  maximum i s  n ev e r  reached
Swann's th e o ry  i s  more n e a r l y  compLete th an  t h a t  of 
Adams but ag a in  t h e r e  a r i s e s  th e  same q u e s t io n  which Adams 
fa c e d .  I s  th e  s e m i -c o n s ta n t  p o l a r i z a t i o n  L ife t im e  l a r g e r  
o r  s m a l l e r  than  th e  e L e c t r i c a l  c o n d u c t iv i ty  t im e c o n s ta n t  
RC? Adams assumed i t  was much Larger .  Swann makes a
g
s im iL ar  assum ption ,  choosing  as  L/oc a v a lu e  of 1 0  seconds,  
o r  about t h r e e  y e a r s .  He c a l c u l a t e s  RC t o  be rough ly  
2  x 1 0  ̂ seconds by u s in g  a v a lu e  o f  s p e c i f i c  r e s i s t a n c e  f o r
but i s  approached a s y m p t o t i c a l l y . Obviously  "T* 2  = 0 0  » aTU* 
he shows t h a t  f o r  t h i s  c a se :
2 .  Where th e  maximum va lue  i s  reached q u ic k ­
ly  a n d :
"T * -RC In RCCC 2
3. Where RC = L/oC :
and
"T2  L/OC •
L8good p a r a f f i n  wax o f  10 ohms/cm. Thus he th o u g h t  l/oc
t o  be about 500 t im es  th e  v a lu e  o f  RC.
Swann a l s o  concerned h im se l f  w i th  t h e  v a r i a t i o n  of  th e  
e x t e r n a l  f i e l d  o f  th e  e l e c t r e t  w i th  d i s t a n c e  from th e  e l e c ­
t r e t  s u r f a c e .  He c a l c u l a t e d  t h a t  th e  f i e l d  v a r i a t i o n  e x ­
t e r n a l  to  th e  e l e c t r e t  and a long  i t s  a x i s  would be much 
l e s s  than  had been r e p o r t e d .  He e x p la in e d  th e  d isag reem en t  
by p o i n t i n g  ou t  t h a t  t h e  approach  of a m e t a l l i c  p l a t e  to  
t h e  e l e c t r e t  s u r f a c e  in  o r d e r  to  measure i t s  f i e l d  w i l l  
change th e  f i e l d s  w i t h i n  and w i th o u t  th e  e l e c t r e t .  In  
o t h e r  words, th e  p re se n c e  o f  th e  f i e L d - s e n s i n g  e l e c t r o d e  
a l t e r s  th e  e x t e r n a l  f i e l d  considerably*. This  e x p la n a t io n  
i s  so s im ple  and so im p o r tan t  t h a t  i t  i s  reproduced  here  
in  i t s  e s s e n t i a l s .
C on s ide r  th e  s i t u a t i o n  diagrammed i n  F ig u re  9 .  Before 
t h e  approach of  P:
in  which F i s  t h e  f i e l d  w i t h i n  th e  e l e c t r e t .  A f t e r  th e  oc
approach  of  P to  a d i s t a n c e  € w h i le  connec ted  to  a l a r g e
KF = k’tfcy'oc o
c a p a c i t a n c e  C: 
and i+'TTcri = KF
so t h a t Kh
f  F + T eoc
o r frTTqrh
p = h + K£ (3 )
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fo i l .
*
Figure 9 . An E le c tr e t  Approached by a P la te ;  Swann
70
Thus Fp depends upon £  i n v e r s e l y  th rough  t h i s  c a p a c i t a n c e  
e f f e c t .  Even more im p o r ta n t  i s  th e  f a c t  t h a t  t h e  c o n d i t i o n  
£ Fp = hFc i n d i c a t e s  t h a t  a s  £  d im in i s h e s  Fc must a l s o  
d im in i s h .  The f i e l d  w i t h i n  t h e  e l e c t r e t  d im in i s h e s  as  i t  
i s  s h o r te d  o u t .
C. G u b k i n s  T heory^
A. N„ Gubkin proposed in  1957 a phenom enological  
t h e o r y  o f  e l e c t r e t s  which i s  an improvement o ver  Swann 's .  
Gubkin o f f e r s  t h e s e  c r i t i c i s m s  of  Adams' and Swann's 
t h e o r i e s  t
1. A f r e e  e l e c t r e t  i s  c o n s id e r e d ,  _ i*e . , one s to r e d  
w i th o u t  s h o r t - c i r c u i t i n g , .  Yet th e  ca rnauba  wax e l e c t r e t s  
c o n s id e re d  i n  Swann’ s t h e o r i e s  were s t o r e d  w ith  s h o r t -  
c i r c u i t i n g .
2 .  In  Swann's  th e o r y  th e  e l e c t r e t  l i f e t i m e  i s  tak en  
as  = l /o c  = 3 y e a r s ,  . i . e . , i t  i s  p resupposed  t h a t  th e  
e l e c t r e t  Long r e t a i n s  a s e m i - c o n s t a n t  p o L a r i z a t i o n  which 
in  th e  main d e te rm in e s  th e  e l e c t r e t  e f f e c t .  However, ex ­
p e r im en t  shows t h a t  t h e  h e t e r o c h a r g e  o f  an e L e c t r e t  may 
faLL to  z e ro  in  a day o r  severaL  d ays ,  be ing  e i t h e r  com­
p l e t e l y  d i s c h a r g e d  o r  chang ing  i n  p o l a r i t y .
Gubkin p ro c eed s  t o  d e m o n s t ra te  t h a t ,  owing p r i m a r i l y  
to  h i s  n e g l e c t  o f  t h e  r o l e  o f  s h o r t - c i r c u i t i n g ,  Swann's
^Gubkin, Z h u r . Tekh. F i z . ,  XXVII (19 57 ) ,  1954
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t h e o r i e s  do n o t  p r o p e r ly  p r e d i c t  I /oC  o r  RC. ALthough Swann
r e a l i z e d  t h a t  t h e  approach of a conduc ting  p l a t e  would de­
c r e a s e  t h e  f i e l d  w i th in  t h e  e l e c t r e t , as  i s  shown by h i s  
comments on th e  measured e x t e r n a l  f i e l d ,  he n e g le c te d  to  
ta k e  i n t o  account  th e  d e c re a s e  in  i n t e r n a l  f i e l d  due to  
s hor t - c i r c u  i t  i n g .
Gubkin f i r s t  g iv e s  a more g e n e ra l  and complete d e r i v a ­
t i o n  o f  th e  r e l a t i o n s h i p s  between f i e l d s  w i th in  and w i thou t  
t h e  e l e c t r e t  to  th e  d i s t a n c e s  between th e  e l e c t r o d e s  and 
th e  s u r f a c e s .  C ons ider  F ig u re  10 in  o rd e r  to  unders tand  
th e  symbols used .
One has ^ 2 E2 “ ^  l El  =
Here and £ 3  a r e  th e  d i e l e c t r i c  p e r m i t t i v i t i e s  of the  
medium in  t h e  gaps between e l e c t r o d e s  and e l e c t r e t ,  £   ̂
i s  th e  p e r m i t t i v i t y  o f  th e  e l e c t r e t  m a t e r i a l ,  , E^, E^ 
a r e  th e  f i e l d s  in  th e  co r re sp o n d in g  r e g io n s .  Of co u rse ,  
and c r "2 a r e  th e  s u r f a c e  qharge d e n s i t i e s .
V * + E2 L + E3d2
I f  E^ * E^ th e  above e q u a t io n s  can be combined to  y i e l d :










When V = 0, 
Then we g e t :
i n t
El  = Ee x t
"ext
■int Cdl  + V
(4 )
L £ ex t
E 2  * Ei n t
I*TT'
^ x t  L Cdl- *  d^ ) c r  
^  i n t
L ^  (d ,  + d2 ) + I
^ e x t
For a f r e e  e l e c t r e t  d^/L = d2/ L  ^  o o
e x t  = <°~l + ° “2 >
2 TT'E. _ i n t ^ i n t
( 0-1 -  0^2 )
For an i d e a l l y  s h o r t - c i r c u i t e d  e l e c t r e t :
** TTcr;
d, A  = d ,A
•exte x t
E . . = 0 i n t
Having shown how depends upon the  degree  of  s h o r t -
c i r c u i t i n g ,  Gubkin th en  d e r iv e s  e x p r e s s io n s  f o r  th e  time 
dependence of  t h e  e l e c t r e t  ch a rge .  He makes assum ptions 
s i m i l a r  to  Swann 's ,  t h a t  i s ,  e x p o n e n t i a l  decay o f  p o l a r i ­
z a t i o n  and c o n d u c t i v i t y - c o n t r o l l e d  decay of homocharge. 
However, he t a k e s  i n t o  account  th e  f a c t  t h a t  th e  f i e l d  w i th ­
in  th e  e l e c t r e t  w i l l  a f f e c t  th e  t im e c o n s t a n t s  of th e s e
7U
p r o c e s s e s .  In  g e n e ra l  he con c lu d es  t h a t  o p e n - c i r c u i t i n g ,  
th u s  a l lo w in g  a l a r g e  f i e l d  w i t h i n  th e  e l e c t r e t ,  h a s t e n s  
t h e  ohmic p ro c e s s e s  bu t  slows t h e  p o l a r i z a t i o n  decay .  
S h o r t i n g ,  on t h e  o t h e r  hand, s i n c e  i t  r e d u ces  th e  i n t e r n a l  
f i e l d  a lm ost  t o  z e ro ,  r e t a r d s  t h e  ohmic p r o c e s s e s  and 
cau ses  t h e  RC time c o n s t a n t  to  be many y e a r s .  A ccord ing  
t o  h i s  e q u a t io n s  s h o r t i n g  a l s o  d e c re a s e s  l / o c » th e  t im e 
c o n s t a n t  f o r  th e  p o L a r i z a t i o n .  Thus s h o r t i n g  does n o t  
m a in ta in  h e t e r o c h a rg e  but  d im in i s h e s  i t ,  keep ing  o n ly  th e  
homochsrge.
For example,  Gubkin c a l c u l a t e s  f o r  o p e n - c i r c u i t e d  eLec-
t r e t s  an e L e c t r i c a L  (ohmic) t im e c o n s t a n t  of 1 0  hours  and
a l/OC o f  g r e a t e r  th a n  300 y e a r s ,  bu t  f o r  s h o r t - c i r c u i t e d
- 8e l e c t r e t s  where d^ = 6 2  -  1 0  cm. t h e  ohmic t ime c o n s t a n t  
i s  g r e a t e r  th an  300 y e a r s  and th e  l /oC  a lm os t  z e r o .  For 
a r e a s o n a b le  i n t e r m e d i a t e  ca se  where d^ -  d j  ~ 0 . 0 0 L cm. 
he c a l c u l a t e s  t h e  e L e c t r i c a L  t ime c o n s t a n t  to  be 3 days ,  
t h e  L/OC L.5 days .
D. Comments on th e  T h e o r ie s
As w i l l  be a p p a re n t  i n  t h e  n e x t  c h a p t e r ,  th e  e x p e r i ­
m en ta l  work by t h i s  a u th o r  s u p p o r t s  Gubkin’ s th e o r y .  The 
h e te r o c h a rg e  does decay r a p i d l y .  I t s  decay t im e  does seem 
dependent  upon th e  deg ree  o f  s h o r t - c i r c u i t i n g .  The extreme 
v a lu e s  f o r  L/oC f o r  o p e n - c i r c u i t e d  e l e c t r e t s  and i d e a l l y  
s h o r t e d  ones seem u n r e a l i s t i c .  T h is  d i f f i c u l t y  probabLy
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a r i s e s  from th e  app rox im ate  n a t u r e  of  s e v e r a l  o f  t h e  math­
e m a t i c a l  a ssum p tio ns  w i th in  th e  d e r i v a t i o n s .  The Lower 
L im it  of L/oc i s  probabLy controLLed by th e  p re s e n c e  of 
some a c t i v a t i o n  ene rgy  b a r r i e r  to  t h e  d i s o r i e n t a t i o n  p r o c ­
e s s  , and t h e  upper  Limit  o f  L/oc i s  too  Large because  th e  
d e r i v a t i o n  i g n o r e s  t h e  second Law o f  thermodynamics.  
M e c h a n is t ic  a s su m p t io n s  wiLL have to  e n t e r  b e fo re  r e a L i s t i c  
open- and s h o r t - c i r c u i t e d  p o L a r i z a t i o n  t im e c o n s t a n t s  a r e  
c a l c u l a t e d .
Although t h e  work r e p o r t e d  here  d e a l t  o n ly  w i th  h e t e r o ­
charged  e l e c t r e t s ,  t h e  co a ted  e L e c t r e t s  a t t a i n e d  a pseudo 
homocharge by i n d u c t i o n .  A f t e r  o b s e rv in g  th e  b e h a v io r  o f  
many e l e c t r e t s  i t  i s  d i f f i c u l t  f o r  t h i s  a u th o r  to  imagine 
how Adams, Swann, and Gubkin aLL th o u g h t  an i n c r e a s e  in  
homocharge cou ld  r e s u L t  from ohmic p r o c e s s e s .  I t  would 
seem t h a t  ohmic p r o c e s s e s ,  e i t h e r  i n s i d e  o r  o u t s i d e  the  
e l e c t r e t ,  wouLd d e c re a s e  t h e  homocharge on th e  e l e c t r e t ,  
unLess t h e  ohmic p r o c e s s  r e p r e s e n t e d  a h e te r o c h a rg e  decay .
In  t h i s  c a s e  i t  cou ld  i n c r e a s e  t h e  homocharge by Leaving 
uncompensated homocharges on th e  e L e c t ro d e s ,  b u t  t h e  decay 
of  t h e  h e te r o c h a r g e  i s  n o t  c o n s id e re d  ohmic, f o r  i f  i t  w ere ,  
t h e  h e te r o c h a rg e  and homocharge cou ld  n o t  c o e x i s t .  Thus 
t h e r e  seems to  be no d o ub t ,  even from t h e  e a r l y  d a ta  of  
Adams, t h a t  t h e  h e t e r o c h a rg e  decays r a p i d l y ,  and t h a t  on ly  
t h e  homocharge can have a r e a l l y  Long t im e c o n s t a n t ,  and t h i s  
can  be t r u e  o n ly  i f  e l e c t r e t s  a r e  s t o r e d  s h o r t - c i r c u i t e d  t o  
d e c re a s e  t h e  i n t e r n a l  f i e l d .
CHAPTER V
MATERIALS, METHODS AND DATA
In t h i s  c h a p te r  a r e  p re se n te d  th e  r e s u l t s  o f  the  
exper im en ts  w i th  a minimum o f  h y p o th e s iz in g .  I t  i s  hoped 
in  t h i s  way to  s e p a r a t e  t h e  da ta  from th e  e x p e c t a t i o n s .
Also such an arrangement i s  c h r o n o lo g ic a l l y  c o r r e c t  as  f a r  
as t h i s  a u th o r  i s  concerned ,  s in c e  th e  d a ta  were taken  a l ­
most e n t i r e l y  b e fo re  th e  hypotheses  o f f e r e d  in  C hapter  VI 
were evo lved .  Many o f  th e  exper im en ts  were performed on 
th e  b a s i s  o f  hypotheses  which a ro se  from m isco n cep t io n s .
The o r i g i n a l  p la n  of a t t a c k  on the  probLem was:
1. to  l e a r n  to  measure e l e c t r e t  p r o p e r t i e s  and to  make 
them in  a r e p r o d u c ib le  manner;
2 . t o  c h a r a c t e r i z e  carnauba wax e l e c t r e t s  as to  s u r ­
f a c e  charge  and the rm a l  d i s c h a r g e ;
3. to  perfo rm  s i m i l a r  exper im en ts  on e l e c t r e t s  con­
t a i n i n g  s e l e c t e d  s o l u t e s .
I t  tu rn e d  out  t h a t  th e  f i r s t  of th e s e  t a s k s  was by f a r  th e  
most d i f f i c u l t ,  and as  a r e s u l t  th e  second and t h i r d  t a s k s  
were n o t  as  co m p le te ly  accomplished as  one might d e a i r e .
The work, o t h e r  than  th e  development o f  th e  v i b r a t i n g
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eL ec t ro d e  a p p a r a t u s ,  f a l l s  i n t o  f i v e  c s t e g o r i e s :  an a t t e m p t  
to  r e p e a t  th e  d i e L e c t r i c  c o n s t a n t  measurements o f  C h a t t e r j e e  
and Bhadra; t h e  d i s c o v e ry  o f  th e  c o n s t a n t  t e m p e ra tu r e  p o l a r ­
i z a t i o n  phenomenon, h e r e a f t e r  c a l l e d  CTP; th e  measurement 
o f  s u r f a c e  c h a rg e s ;  t h e  measurement o f  th e rm a l  d i s c h a r g e  
c u r v e s ,  h e r e a f t e r  c a l l e d  TDC; and th e  n u c l e a r  magnetic  
re so n a n ce  e x p e r im e n t .  They w i l l  be d i s c u s s e d  in  t h a t  o r d e r .
The c a m a u b a  wax used was Matheson, Coleman and B e l l  
y e l lo w  carnauba  wax; t h e  m e l t in g  range  was 82-85 d eg ree s  
C e n t ig r a d e .  S t e a r i c  a c id  used was C. P. g rade  from th e  
Matheson Company; t h e  n - o c t a d e c y l  a l c o h o l  was o b ta in e d  
from Eastman Kodak.
A. D i e l e c t r i c  C o n s ta n t  Measurements
In  an exp e r im en t  a l r e a d y  mentioned^ C h a t t e r j e e  and 
Bhadra r e p o r t e d  ve ry  l a r g e  changes in  t h e  d i e L e c t r i c  con­
s t a n t  o f  ca m a u b a  wax s h o r t l y  a f t e r  i t  was p o l a r i z e d .  In  
com parison w i th  t h a t  o f  a s i m i l a r  u n p o la r i z e d  condenser  
th e y  found an L8 - p e r c e n t  change in  th e  c a p a c i t a n c e  of  a 
sm a l l  f i x e d  tr immer a i r  co n d en se r  immersed i n  th e  m olten  
wax, p o l a r i z e d  and c o o le d .  From th e  observed  changes th e y  
su g g es ted  th e  p re se n c e  o f  f r e e  e l e c t r o n s  l i b e r a t e d  from 
th e  p o l a r i z e d  moLecules d u r in g  a s t a t e  o f  h igh  f ieL d  p e r ­
t u r b a t i o n .  They a l s o  r e p o r t  a change o f  Q, t h e  lo s s
^S. D. C h a t t e r j e e  and T. C. Bhadra, Phys .  R ev . ,  
XCVIII (1955) ,  1728.
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f a c t o r  (Q = L/0a)CR). The im portance  o f  such a r e s u L t  t o  
mechanism p o s t u l a t i o n s  f o r  h e t e r o -  and homocharges made 
i t  d e s i r a b l e  t o  r e p e a t  t h e i r  e x p e r im e n t .
The p l a t e  s p a c in g  o f  a tw in  s e c t i o n  a i r  v a r i a b l e  
c a p a c i t o r  (Hammarlund) o f  ap p ro x im a te ly  L40 p i c o f a r a d s  f o r  
each  s e c t i o n  was m easured .  A t r a v e l l i n g  m icroscope microm­
e t e r  was used to  measure each  o f  t h e  36 sp a c in g s  on each 
h a l f  o f  th e  d u a l  s e c t i o n  co n d e n se r .  The f r o n t  s e c t i o n  
s p a c in g  averaged  0 .371  mm., t h e  r e a r  s e c t i o n  ave rage  was 
0 .39 0  mm.
The c a p a c i t o r  was mounted on a s h e l f  i n  th e  g love  box 
so as  to  be in  a d ry  a tm osphere .  The g love  box atm osphere  
was d r i e d  w i th  Ful- ly  meshed, th e  c a p a c i t o r  s e c ­
t i o n s  measured 156.5 p f .  f o r  th e  f r o n t  s e c t i o n  and 145.7 p f .  
f o r  t h e  r e a r  s e c t i o n .  The d i s s i p a t i o n  f a c t o r  s c a l e  read  
0 .04  f o r  each  s e c t i o n .  Readings  were aLL made w i th  a 
G enera l  Radio ty p e  1610 c a p a c i t a n c e  b r id g e  assem bly ,  t h e
c o n n e c t io n  o f  which had been cab led  th rough  t h e  s id e  o f
th e  g lo v e  box. The two s t a t o r s  were connected  v ia  a s e l e c ­
t o r  sw i tch  to  t h e  " h o t"  t e r m i n a l  of  t h e  b r id g e  i n  o rd e r  to
make measurements upon th e  s e c t i o n  d e s i r e d .  The r o t o r s  
were grounded; t h e  s h i e l d  between t h e  s e c t i o n s  was connected  
to  t h e  guard c i r c u i t  o f  t h e  assem bly .  Thus t h e r e  were no 
i n t e r a c t i o n s  between th e  s e c t i o n s .
The e n t i r e  c a p a c i t o r  w i th  i t s  l e a d s  was immersed in  
m olten  ca rnauba  wax and coo led  o v e r n ig h t .  The c a p a c i t o r
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and i t s  wax were th en  remounted i n  th e  g love  box and r e a d ­
ings  were taken  of th e  c a p a c i t a n c e  of each s e c t i o n  a t  a 
f requency  of I  Kc. D i s s i p a t i o n  f a c t o r  was a l s o  read  from 
th e  b r id g e .  The fo l lo w in g  day th e s e  re a d in g s  were checked 
ag a in  and th e  assembly removed to  th e  oven used f o r  forming 
e L e c t r e t s .
The f r o n t  s t a t o r  was connected  to  +73.5 v o l t s .  With
th e  r o t o r  grounded t h i s  p o l a r i z e d  th e  f r o n t  s e c t i o n  wax
a t  a f i e l d  of 2 KV/cm, s i m i l a r  to  t h a t  in  th e  f i e l d s  used
su b se q u e n t ly  i n  t h i s  work. The r e a r  s t a t o r  was connected
to  +450 v o l t s ,  which poL sr ized  i t  a t  abou t  11.5 KV/cmt a
f i e l d  s t r e n g t h  equa l  t o  t h a t  which th e  In d ia n s  used .  The
e n t i r e  assembly then  went th rough  th e  normal e l e c t r e t  p ro -
ogram in  which th e  oven i s  held  a t  70 C. f o r  f o u r  hours .
A f t e r  p o l a r i z a t i o n  th e  assembly was remounted in  th e  
g love  box and r e a d in g s  o f  c a p a c i t a n c e  and d i s s i p a t i o n  
f a c t o r  were co n t in u ed  f o r  one month. During t h i s  t ime the  
room tem p era tu re  was about 25° C . ,  a l th o u g h  i t  f l u c t u a t e d  
a degree  o r  so from day t o  day. As th e  d a ta  in  F ig u re s  
12 and 13 i n d i c a t e ,  r e a d in g s  were sometimes taken  a t  f r e ­
q u en c ie s  o t h e r  than  I  Kc.
F igu re  11 shows th e  observed v a lu es  of  c a p a c i t a n c e  
p l o t t e d  f o r  t h e  31 day o b s e r v a t io n  p e r io d .  The minor 
f l u c t u a t i o n s  a r e  very  p ro b ab ly  due to  room tem pera tu re  
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c o n d i t i o n in g  was o f f  and t h e  t e m p e ra tu r e  ro s e  f i v e  d e g r e e s .  
There i s  a g e n e r a l  t r e n d  downward i n  t h e  c a p a c i t a n c e  v a lu e s  
which amounts t o  abou t  3 . 5 - p e r c e n t  d u r in g  th e  month. T h is  
change may be caused  by c r y s t a l l i n i t y  changes as  t h e  wax 
ag e s .
F ig u re  12 shows t h e  f r e q u e n c y  dependence o f  t h e  capac ­
i t a n c e ,  F ig u re  13 t h e  f re q u e n c y  dependence o f  th e  d i s s i p a ­
t i o n  f a c t o r , ( d . f . ) .  Taking  d . f .  a s  e q u i v a l e n t  to  € " ,  and 
c a l c u l a t i n g  € ’ by d i v i d i n g  th e  c a p a c i t a n c e  o f  th e  r e a r  
s e c t i o n  by i t s  c a p a c i t a n c e  w i th o u t  wax (1*46 p f . ) ,  a c ru d e  
C o le -C o le  p l o t  can be made. F ig u re  1*4 shows th e  r e s u l t ,  
which does l i t t l e  e x c e p t  show t h a t  th e  r e l a x a t i o n  t im e T \  
which i a  L/ ( i ) max f ° r  such a p l o t ,  i s  c e r t a i n l y  g r e a t e r  th a n  
1 0   ̂ s e c . ,  and may be many seco nd s .
The c a l c u l a t e d  d i e l e c t r i c  c o n s t a n t  v a lu e s  ran g e  from
2 .6 0  a t  100 Kc. to  3 .11  a t  10 c . p . s . ,  i n  agreement w ith
2
L i t e r a t u r e  vaLues.  Moat a u th o r s  have used 2 . 8 ,  which i s  
roughLy t h e  vaLue a t  L Kc. In  c o n t r a s t  t o  t h e  o b s e r v a t io n s  
o f  C h a t t e r j e e  and Bhadra ,  a lm ost  no change i n  Q a t  L RiLo- 
cycLe was o b se rv ed .  However, a change o f  Q (Q * L / d . f . )  
i s  seen  f o r  LOO c . p . s .  and 50 c . p . a .  The d i s s i p a t i o n  
f a c t o r  was u n re a d a b le  f o r  10 c . p . s . ;  i t  was o f f  scaLe on 
th e  G enera l  Radio b r i d g e .
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B. C o ns tan t  Temperature P o l a r i z a t i o n
E a r ly  in  th e  r e s e a r c h ,  when th e  v i b r a t i n g  e l e c t r o d e  
a p p a ra tu s  was being  deve loped ,  i t  was observed t h a t  th e  
carnauba wax was p o l a r i z e d  by th e  a p p l i c a t i o n  of f i e l d  
a lo n e .  An ex p e r im e n ta l  arrangement s i m i l a r  to  t h a t  o f  
F ig u re  15 was used to  s tu d y  t h i s  phenomenon. The wax 
could  be p o l a r i z e d  f o r  any d e s i r e d  len g th  of t ime and a t  
any v o l t a g e ,  then  th e  upper e l e c t r o d e  could  be sw itched to  
th e  e l e c t r o m e t e r  i n p u t .  The r e s u l t  was always a l a rg e  
v o l t a g e  ( a c r o s s  1 0 ^  ohms) which then  decayed to  ze ro  in  
what appeared  to  be an e x p o n e n t i a l  decay. At f i r s t  i t  was 
though t  t h a t  t h i s  was sim ply  cha rge  on th e  e l e c t r o d e s  
which remained from th e  p o l a r i z a t i o n  p ro c e s s ,  and t h a t  i f  
th e  e l e c t r e t  were f i r s t  s h o r te d  t h a t  t h i s  charge would be 
d ra in e d  away and th e  phenomenon would no t  then  be observed .
The r e s u l t  d id  n o t  su p p o r t  th e  h y p o th e s i s .  S h o r t in g  
b e fo re  c o n n e c t in g  th e  e l e c t r o m e t e r  kep t  th e  d e f l e c t i o n  from 
be ing  o f f - s c a l e  i n i t i a l l y ,  but t h e r e  was s t i l l  a l a rg e  v o l t ­
age which th e  r e c o r d e r  d e t e c te d  very  q u ic k ly  and which 
decayed s low ly  as b e f o re .  A t y p i c a l  peak re a d in g  under 
th e s e  c o n d i t i o n s  was about  one v o l t ,  and th e  decay to  zero  
r e q u i r e d  about ■§■ hour o r  more.
I f  d u r in g  th e  r e c o r d in g  of t h i s  decaying  c u r r e n t  the  
e l e c t r e t  was s h o r te d  mom entari ly  th e  re a d in g  would f a l l  
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removed, and th e  decay would proceed as b e fo re .  F ig u re  16 
shows a t y p i c a l  r e c o rd in g  of t h i s  e f f e c t .  A lo g a r i th m ic  
p l o t  o f  th e  re a d in g s  v e r su s  t ime i s  n o t  a s t r a i g h t  l i n e .
In  f a c t  no s im ple  fu n c t io n  could  be found to  r e p r e s e n t  the  
d a te  from th e  r e c o r d e r .
These d i s c o v e r i e s  caused th e  au th o r  to  re re a d  the  
l i t e r a t u r e  to  seek mention of t h i s  e f f e c t ,  which seemingly  
every  ex p e r im e n te r  would have en co u n te red .  Only two d e f ­
i n i t e  r e f e r e n c e s  to  th e  e f f e c t ,  which t h i s  a u th o r  came to 
c a l l  th e  c o n s ta n t  tem p era tu re  p o l a r i z a t i o n ,  o r  CTP, were 
found. Gross r e f e r r e d  b r i e f l y  to  t h i s  e f f e c t ,  say ing  
t h a t  the  b eh a v io r  o f  th e  t im e-dependen t  c u r r e n t s  ( i s o t h e r ­
mal ch a rg in g  and d i s c h a r g in g )  i s  ex p la in ed  by d i e L e c t r i c  
a b s o rp t io n  and ag rees  w ith  th e  c o n c lu s io n s  o f  g e n e r a l l y  
accep ted  t h e o r i e s  of t h i s  e f f e c t .  The t h e o r i e s  to  which 
he r e f e r r e d  were: ( a )  h indered  d ip o le  o r i e n t a t i o n  (Debye);
(b)  m icroscopicaL  h e t e r o g e n e i ty  of s t r u c t u r e  (MaxweLL- 
Wagner), a s o r t  o f  i o n - t r a p  th e o ry ;  and ( c )  io n ic  conduc­
t i o n  t h a t  causes  space  charges  ( J a f f e ) .  Gross a p p a re n t ly  
though t  o f  th e  th e rm a l ly  produced h e te ro c h a rg e  in  e l e c t r e t s  
as the  " f r e e z i n g  in "  o f  t h i s  d i e L e c t r i c  a b s o rp t io n  in  some 
u n s p e c i f i e d  manner.
The o th e r  r e f e r e n c e  was to  t h e  exper im en ts  of Gerson














^  ^  o
V o l t s  a c r o s s  10 ohms 
F ig u re  16. TypicaL R ecord ing  o f  CTP Decay
89
and Rohrbaugh. They used a measurement o f  t h e  d i s c h a r g e
9 L2c u r r e n t  th ro u g h  a LO - - L 0  ohm r e s i s t a n c e  as  a measure o f
th e  e l e c t r e t  e f f e c t  and gave c o n s i d e r a b l e  d a ta  on d i s c h a r g e
c u r r e n t s  ( i s o t h e r m a l ,  n o t  TDC) f o r  t h e i r  e l e c t r e t s .  They
w ro te  th e  fo l lo w in g  s t a t e m e n t  abou t  t h e  CTP e f f e c t .
A p i e c e  o f  wax e l e c t r i f i e d  a t  room te m p e ra tu r e  
e x h i b i t s  a l o n g - l i v e d  d i s c h a r g e  c u r r e n t  which 
c o r r e s p o n d s ,  as  u s u a l ,  t o  e i t h e r  a d e c r e a s i n g  
h e t e r o c h a r g e  o r  a growing homocharge. The 
i n i t i a l  d i s c h a r g e  c u r r e n t  from a p i e c e  of 
ca rnauba  wax e L e c t r i f i e d  a t  room te m p e ra tu re  i s  
ab o u t  th e  same as  t h a t  from a t h e r m a l l y  t r e a t e d  
e l e c t r e t  made a t  th e  same v o l t a g e ,  bu t  th e  
d i s c h a r g e  of  t h e  fo rm er  f a l l s  o f f  so rap idL y  
t h a t  i t  i s  negLig ibLe a f t e r  a few h o u r s .^
They go on t o  say  t h a t  t h e  f a c t  t h a t  th e  d i s c h a r g e  c u r r e n t
observed  h e re  ( low te m p e ra tu r e  p o l a r i z a t i o n )  i s  d i f f e r e n t
f o r  t h r e e  e l e c t r e t  t h i c k n e s s e s  i n d i c a t e s  t h a t  t h i s  e f f e c t
i s  n o t  due c o m p le te ly  to  a volume p o l a r i z a t i o n .
These s t a t e m e n t s  a r e  d i f f i c u l t  to  u n d e rs ta n d  because  
t h e i r  d a ta  i n  t h e  same paper^  show t h a t  f o r  t h e r m a l ly  
t r e a t e d  and Low te m p e ra tu r e  e l e c t r e t s  made a t  t h e  same 
f ieL d  s t r e n g t h  t h e r e  i s  v e ry  L i t tL e  d i f f e r e n c e  a t  a l l  in  
t h e  d i s c h a r g e  c u r v e s .  The th e rm a l  e l e c t r e t  a t  5 KV/cm 
ap p ro aches  z e ro  d i s c h a r g e  c u r r e n t  a t  600 m inu tes  a f t e r  th e  
voLtage i s  t e r m i n a t e d ,  and t h e i r  comparable  5 KV/cm CTP
R. Gerson and J .  H. Rohrbaugh, J .  Chem. P h y s . ,  
XXIII (1 95 5 ) ,  238*4. “
5 I b i d .
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curve  approaches  ze ro  a t  500 m in u te s .  T he ir  d i s c h a rg e  
cu rv es  f o r  CTP w ith  d i f f e r e n t  d i e l e c t r i c  th i c k n e s s e s  a r e  
remarkably  a l i k e ,  n o t  d i f f e r e n t  as  th ey  c la im .  A co n c lu s io n  
o p p o s i t e  to  t h e i r s  i s  i n d i c a t e d .
I t  appears  t h a t  in  th e  case  of e l e c t r e t s  made a t  low 
f i e l d s ,  such as  those  in  t h i s  work, Gerson and Rohrbaugh*s 
te ch n iq u e  of measuring i s o th e rm a l  d i s c h a rg e  c u r r e n t s  would 
no t  show much, i f  a n y th in g ,  o f  th e  n a tu r e  o f  th e  f r o z e n - i n  
c h a rg e .  I t  would seem Logica l  t h a t  th e  a p p l i c a t i o n  o f  a 
s h o r t - d u r a t i o n  h igh  v o l t a g e  a t  room tem p era tu re  and su b se ­
quen t  r e c o rd in g  o f  i t s  CTP d is c h a rg e  wouLd r e v e a l  th e  s t a t e  
o f  i n t e r n a l  p o l a r i z a t i o n  of th e  wax. I f  so t h i s  wouLd be 
an e x c e l l e n t ,  n o n d e s t r u c t i v e  way of measuring th e  i n t e m a L  
p o L a r iz a t io n .  However, sLL a t te m p ts  to  dem ons tra te  such 
an e f f e c t  f a i l e d .  Th is  a u th o r  poLarized carnauba wax 
thermsLLy and th en  superimposed the  CTP f o r  v a r io u s  s h o r t  
exposure  t im es  (15 seconds to  L5 m in u te s )  on th e  charge  of 
th e  therm al  e l e c t r e t ,  bu t  th e  CTP d is c h a rg e  on th e  r e c o r d e r  
c h a r t  seemed th e  same f o r  t r e a t e d  and u n t r e a te d  sampLes.
Th is  p o in t  w i l l  be f u r t h e r  d iscu ssed  in  C hap te r  VI in  th e  
Light o f  th e  hypotheses  t h e r e  proposed .
Perhaps i t  should  be no ted  t h a t  th e  isothermaL d i s ­
cha rge  c u r r e n t  curves  o f  Gerson and Rohrbaugh d i f f e r  in  
shape from th o s e  o b ta in ed  in  t h i s  work. Gerson*s pLots 
show almost  s t r a i g h t - L i n e  approaches  to  ze ro  c u r r e n t ,
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whereas t h e  r e s u l t s  o b ta in e d  w i th  th e  G enera l  Radio e l e c ­
t r o m e te r  and r e c o r d e r  com bina t ion  used i n  t h i s  work, which 
i n  p r i n c i p l e  i a  t h e  same ar rangem ent  as  G e r s o n ' s t shows an 
a sy m p to t ic  approach  t o  z e ro .
One a s p e c t  o f  th e  CTP phenomenon was t rou b lesom e  from 
th e  t ime of  t h e s e  e a r l y  ex p e r im e n ts  w i th  th e  e l e c t r o m e t e r  
t o  th e  c o n c lu s io n  o f  t h e  r e s e a r c h .  T h is  was t h e  o b s e rv a ­
t i o n  t h a t  on ly  a s h o r t  t im e was r e q u i r e d  to  cause  th e  
c o n s t a n t  t e m p e ra tu r e  p o l a r i z a t i o n  (30 seconds was am ple) ,  
b u t  t h e  CTP decay r e q u i r e d  a long  t im e (a p p ro x im a te ly  one 
h o u r ) .  T h is  r e s p l t  cou ld  n o t  be due to  an e x t e r n a l  RC 
c i r c u i t  t im e  c o n s t a n t  caused  by th e  1 0 ^  ohm in p u t  r e s i s t ­
ance o f  t h e  e l e c t r o m e t e r  b ecau se ,  a f t e r  s h o r t i n g ,  th e  decay 
re ap p ea red  and c o n t in u ed  to  f o l lo w  i t s  p r e v io u s  b e h a v io r .
I t  d id  n o t  seem l o g i c a l  t h a t  t h e  d i f f e r e n c e  should  be
a s s o c i a t e d  w i th  t h e  RC t im e c o n s t a n t  which in c lu d ed  th e
12r e s i s t a n c e  o f  th e  e l e c t r e t  ( 1 0  ohms) because  ( 1 ) i t  was 
n o t  e x p o n e n t i a l  and ( 2 ) th e  c h a rg in g  t im e seem ing ly  should  
e q u a l  th e  d i s c h a r g in g  t im e .
Many more d a t a  were ta k e n  on th e  CTP phenomenon, b u t  
th e s e  d a ta  w i l l  be i n c o r p o r a t e d  i n t o  t h e  n ex t  two s e c t i o n s  
on s u r f a c e  ch a rg es  and th e rm a l  d i s c h a r g e  c u r v e s ,  where th e  
d a ta  can  be c o n v e n ie n t ly  compared w i th  th e rm a l  e l e c t r e t  
d a t a .
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C. S u rface  Charges
Performance o f  th e  In s t r u m e n t , The v i b r a t i n g  e l e c ­
t ro d e  in s t ru m e n t  f o r  measuring  s u r fa c e  charges  has been 
d e s c r ib e d  in  C hap te r  I I I .  I t  was n e c e s s a ry  f o r  most meas­
urements to  o p e r a te  t h e  o s c i l l o s c o p e  p r e a m p l i f i e r  a t  a 
s e n s i t i v i t y  o f  1 m i l l i v o l t  p e r  c e n t im e te r  and a t  80-250 
c . p . s .  r e sp o n se .  E x te rn a l  t r i g g e r i n g  of th e  o sc iL loscope  
was t r i e d ,  bu t  was found to  be unnecessa ry .
The v i b r a t i n g  e l e c t r o d e  was, f o r  most exp e r im en ts ,  a t  
a d i s t a n c e  o f  0 .05  inches  from th e  t h i r d  e l e c t r o d e ,  and the  
e l e c t r e t  s u r f a c e  was n o rm a l ly  an eq u a l  d i s t a n c e  below i t .  
Inches  a r e  used as  a d i s t a n c e  u n i t  here  because the  microm­
e t e r  screw which was used to  r a i s e  and lower th e  e l e c t r e t  
t o  and from th e  v i b r a t i n g  e l e c t r o d e  was c a l i b r a t e d  in  in c h e s .  
One r e v o lu t i o n  o f  t h i s  micrometer  was e q u iv a l e n t  to  0 .025 
in c h e s .  This  in fo rm a t io n  i s  p e r t i n e n t  to  th e  d i s t a n c e  v a r ­
i a t i o n  exper im en ts  which w i l l  be d e sc r ib ed  L a te r .
The s e n s i t i v i t y  o f  th e  ap p a ra tu s  was a l l  t h a t  could 
be d e s i r e d .  The s u r f a c e  cha rges  were recorded  as v o l ta g e  
on th e  t h i r d  e l e c t r o d e  n e c e s s a ry  to  nuLL th e  in s t ru m e n t .
When th e  in s t ru m e n t  was o p e r a t in g  p r o p e r ly  t h e s e  n u l l  
v o l t a g e s  could  be determined so p r e c i s e l y  t h a t  th e  smaLL 
knob on the  K e i th le y  power suppLy which v a r ie d  i t s  o u tp u t  
v o l t a g e  between th e  o n e - v o l t  increm ents  had t o  be c a l i b r a t e d .  
N u l l  v o l t a g e s  were o f t e n  recorded  to  f o u r  s i g n i f i c a n t
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f i g u r e s .  T h is  measurement i s  i n d i c a t i v e  of t h e  s e n s i t i v i t y  
and p r e c i s i o n  o f  t h e  in s t r u m e n t .  However, t h e  v o l t a g e  
r e a d in g s  were so c r i t i c a l l y  dependent  upon th e  sp ac in g  o f  
th e  e l e c t r o d e s  t h a t  t h e  s i g n i f i c a n c e  o f  th e  a b s o l u t e  v a lu e s  
o f  th e  v o l t a g e s  i s  in  some d o u b t .  Once th e  e l e c t r e t  was 
p o s i t i o n e d ,  th e  r e a d in g s  were ve ry  m eaningfu l  r e l a t i v e  to  
each o t h e r ,  but i t  was d i f f i c u l t  to  compare one e l e c t r e t  
w i th  a n o th e r  i f  t h e  v i b r a t i n g  e l e c t r o d e  had been removed 
and r e p la c e d  d u r in g  m a in ta in a n c e ,  o r  i f  the  e l e c t r e t  
t h i c k n e s s  v a r i e d  s l i g h t l y .
In  o r d e r  to  form an uncoated  e L e c t r e t  t h e  d i s c  had to  
be r a i s e d  by means o f  t h e  m icrom eter  t o  c o n t a c t  th e  v i ­
b r a t i n g  e l e c t r o d e .  Then when r e a d in g s  were to  be ta k e n  i t  
was lowered to  i t s  o r ig in a L  p o s i t i o n .  S l i g h t  changes i n  
t h e  e q u i l i b r i u m  p o s i t i o n  o f  t h e  sp ea k e r  cone and i t s  s u s ­
pended e l e c t r o d e  cou ld  change t h e  e l e c t r o d e  s p a c in g s ,  a s  
co u ld  any d im ena io na l  changes i n  th e  mechanism which held  
th e  t h i r d  e l e c t r o d e  in  pLace.
An unplanned expe r im en t  se rved  to  d em o n s t ra te  t h a t  th e  
v i b r a t i n g  e l e c t r o d e  a c te d  as  a good s h i e l d  between th e  
e l e c t r e t  and th e  t h i r d  e l e c t r o d e .  One even ing  when i t  was 
in ten d ed  t h a t  th e  + 1 0 0 0  v o l t s  be a p p l i e d  to  t h e  v i b r a t i n g  
e l e c t r o d e  (n o t  v i b r a t i n g ,  o f  c o u r s e )  to  p o l a r i z e  th e  e l e c -  
t r e t  o v e r n ig h t ,  t h e  p o t e n t i a l  was i n a d v e r t e n t l y  a p p l i e d  to  
th e  t h i r d  e l e c t r o d e  i n s t e a d .  The e l e c t r e t  t h e  n ex t  morning
9U
was n o t  p o l a r i z e d  a t  a l l ;  i t  had been s h ie ld e d  by th e  v i ­
b r a t i n g  e l e c t r o d e  which was e f f e c t i v e l y  grounded through 
th e  o s c i l l o s c o p e  i n p u t .  T h is  p o in t  i s  im p o r tan t ,  s in c e  
i t  means t h a t  t h e  decay t ime of th e  e l e c t r e t  s u r f a c e  
charge  i s  no t  a l t e r e d  by th e  measuring p ro c e s s .  E x p e r i ­
ments in  which th e  n u l l  v o l t a g e  was l e f t  on between r e a d ­
ings  and then  l a t e r  tu rn ed  o f f  between re a d in g s  a l s o  
confirmed t h i s  f a c t .
Experim ents  were a l s o  performed which dem onstra ted  
t h a t  th e  s u r f a c e  cha rge  on an uncoated  e l e c t r e t  was un­
changed by th e  temporary placement o f  a grounded e l e c ­
t ro d e  over  i t s  s u r f a c e .  Th is  im p l ie s  t h a t  t h e  s u r f a c e  
charge  i s  no t  e a s i l y  t r s n s f e r r e d  to  a co n d u c to r ;  i t  i s  a 
bound ch a rg e .
. Making th e  e l e c t r e t s . The e l e c t r e t s  were formed by 
po u r ing  th e  molten wax i n t o  molds. An e l e c t r e t  mold con­
s i s t e d  of a g l a s s  c y l i n d e r  one c e n t im e te r  in  h e ig h t  of 
i n s i d e  d iam e te r  I  7/8 in c h e s ,  o r  U.65 c e n t i m e t e r s .  These 
r i n g s  o f  g l a s s  were c u t  from l a r g e  g l a s s  tu b in g ,  o u t s i d e  
d iam e te r  2  i n c h e s .
To make an e L e c t r e t  a smooth s h e e t  of aluminum f o i l  
was sp read  on th e  Labora to ry  bench, a r i n g  was pLaced on 
t h i s  f o i l ,  and molten wax was poured i n t o  th e  moLd u n t i l  
i t  s tood  h ig h e r  than  th e  edges o f  th e  mold. I t  was
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allowed to  coo l  u n d i s tu rb e d .  When co o l  th e  bottom of th e  
e l e c t r e t  was u s u a l l y  found to  have undergone l i t t l e  s h r in k ­
age .  Most of th e  c o n t r a c t i o n  upon c o o l in g  took p la c e  a t  
th e  to p .  The d i s c  was removed from th e  moldt and i t s  s u r ­
fa c e s  were p laned in  th e  fo l lo w in g  manner. An e l e c t r i c  
hot p l a t e  w ith  a very  n e a r l y  f l a t  top  was c a r e f u l l y  covered 
w ith  aluminum f o i l .  I t  was heated to  about 90° C. o r  j u s t  
above th e  m e l t in g  range o f  th e  wax. As th e  hot  p l a t e  
warmed i t  was d e s i r a b l e  f o r  th e  wax d i s c  to  warm w ith  i t .  
This  p rev en ted  too  l a rg e  a te m p era tu re  g r a d ie n t  in  th e  wax 
d u r ing  th e  s u r f a c e  p o l i s h i n g .
When th e  aluminum f o i l  s u r f a c e  was hot enough, as  i n ­
d i c a t e d  by th e  m e l t in g  of th e  wax, th e  e l e c t r e t  was held 
w i th  th e  f i n g e r t i p s  on th e  hot s u r f a c e  and th e  wax allowed 
to  melt  u n t i l  th e  s u r f a c e  was com ple te ly  m olten ;  t h i s  
u s u a l l y  took j u s t  a few seconds.  Then th e  d i s c  was s l ip p e d  
o f f  th e  ho t  p l a t e  w i th  a qu ick  h o r i z o n t a l  motion, l e a v in g  
molten wax beh ind .  As soon as  th e  d i s c  was removed from 
th e  hot s u r f a c e  i t  was f l i p p e d  over  and he ld  w i th  th e  
j u s t - p o l i s h e d  s u r f a c e  up. This  whole o p e r a t i o n ,  s l i d i n g  
th e  d i s c  and f l i p p i n g  i t  o v e r ,  was a te ch n iq u e  which r e ­
q u i red  much p r a c t i c e ,  but r e s u l t e d  in  smooth and n e a r l y  
p l a n a r  s u r f a c e s .
I f  th e  s u r f a c e  was n o t  p e r f e c t l y  smooth th e  f o i l  on 
th e  hot p l a t e  had to  be wiped w ith  a l i n t - f r e e  towel or
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r e p la c e d  b e fo re  th e  o p e r a t i o n  was r e p e a t e d .  Molten wax on 
th e  p l a t e  s p o i l e d  th e  f l a t n e s s  o f  th e  p o l i s h e d  s u r f a c e  
because  a minimum of  m olten  wax was e s s e n t i a l  when th e  
s u r f a c e  was i n v e r t e d .  Three  p o l i s h i n g s  u s u a l l y  s u f f i c e d  
f o r  th e  to p  o f  th e  d i s c ,  which was i n i t i a l l y  bad ly  con­
cav e .  One p o l i s h i n g  was f r e q u e n t l y  enough f o r  th e  bottom, 
which ws8  n e a r l y  p l a n a r  and smooth i n i t i a l l y .
L et  i t  be u nd e rs to o d  t h a t  th e  t e c h n iq u e  d e s c r ib e d  
above was developed  a f t e r  many a t t e m p ts  to  mold o r  to  
machine e l e c t r e t s  in  v a r io u s  o t h e r  ways. The d i s c s ,  a f t e r  
some p r a c t i c e ,  cou ld  be made w i th  smooth s u r f a c e s  and 
t h i c k n e s s e s  o f  0 .6  c e n t i m e t e r s  +■£ m i l l i m e t e r .  The s u r f a c e s  
o f  such e l e c t r e t s  a r e  c o n s i d e r a b l y  d i f f e r e n t  in  appearance  
from th o s e  of machined e l e c t r e t s .  The h e a t - p o l i s h e d  ones 
appear  to  c o n t a i n  a m u l t i t u d e  of t i n y  c r y s t a l l i t e s  embedded 
i n  a l i g h t  brown amorphous wax. Machined ones have an 
appearance  much l i k e  t h a t  o f  th e  i n t e r i o r  o f  wax lumps; 
th e y  a r e  more c r y s t a l l i n e  and have a l e s s  waxy ap p e a ran c e .
When completed t h e  d i s c s  had a d ia m e te r  of  **.5 cm.,
and th e y  were always p a i n t e d  on th e  bottom w i th  Dag, a
c o l l o i d a l  d i s p e r s i o n  o f  g r a p h i t e  in  i s o p ro p y l  a l c o h o l .
Some were n o t  coa ted  on th e  top  and were s to r e d  in  a d e s ­
i c c a t o r ;  o t h e r s  were a l s o  p a i n t e d  on th e  to p  w i th  t h i s  
c o n d u c t iv e  c o a t i n g  and a r e  r e f e r r e d  to  as  " c o s te d "  
e l e c t r e t s .
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A poured and f i n i s h e d  carnauba wax e l e c t r e t  weighs 
abou t  L6.9 grama. T h is  work in vo lved  n in e  e l e c t r e t s  th e  
co m po s i t ion  o f  which a r e  r e p o r t e d  in  Table  I .  N o t ic e  th e  
code numbers a s s ig n e d  t o  th e  e l e c t r e t s .  These w i l l  be 
used th rou gh ou t  t h i s  c h a p te r  t o  i d e n t i f y  th e  e l e c t r e t s .
The w e ig h t 8  g iven  i n  T ab le  I  ap p ly  to  t h e  m ix tu re  b e fo re  
m old ing ,  and no t  to  t h e  f i n i s h e d  e l e c t r e t .  The s p e c i a l  
c i r c u m s ta n c e s  in vo lved  i n  th e  making of  C-** and C-5 a r e  
d e s c r ib e d  l a t e r .
An e s t e r  was n o t  used as  added s o l u t e  i n  any o f  t h e  
e l e c t r e t s  f o r  two r e a s o n s ,  th e  p r i n c i p a l  r e a s o n  b e in g  t h a t  
so much t im e was r e q u i r e d  to  c h a r a c t e r i z e  t h e  n in e  e l e c -  
t r e t s  used .  A lso  i t  was th o u g h t  t h a t  added e s t e r  would 
have l e s s  e f f e c t  th a n  th e  o t h e r  s o l u t e s ,  s i n c e  i t  a l r e a d y  
c o n s t i t u t e d  a m a j o r i t y  component.
The v a r i a b l e s . The v a r i a b l e s  o u t l i n e d  i n  C h ap te r  I I  
were c o n t r o l l e d  i n s o f a r  as  c i r c u m s ta n c e s  would p e r m i t .  
There were ,  however, some v a r i a t i o n s  in  v a r i a b l e s  such as 
p r e - t r e a t m e n t  exposure  t ime and h o ld in g  t im e  f o r  u n s c i e n ­
t i f i c  re a so n s  such as  t h e  n e c e s s i t y  f o r  e a t i n g ,  s l e e p i n g ,  
and go ing  t o  c l a s s e s .  In  g e n e r a l  t h e  program d e s c r ib e d  
below was employed t o  c o n t r o l  th e s e  v a r i a b l e s .
Forming f i e l d .  Forming v o l t a g e  was 1000 v o l t s ,  p o s ­
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Weight




S o lu te m
C - l  th r u  3 0
A-L8 (L) s t e a r i c
a c id
l . 9 3 g . L4.93g. 12.9 0 .45
A l - I 8 ( l ) n - o c ta d e c y l
a l c o h o l
2 .8 5 g . 2 3 . 2g. 1 2 . 8 0 .4 5
A-L8(2) s t e a r i c
a c id
l . 9 3 g . I4 .9 3 g . 12.9 0 .45
AL-L8C2) n - o c t a d e c y l
a l c o h o l
2 . 85g. 2 3 . 2g. 1 2 . 8 0 .45
C-4
C-5
no s o l u t e ,  but c rack ed  and pa tched  
no s o l u t e ,  bu t  lam ina ted
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whioh was t h e  p o t e n t i a l  of  th e  bottom c o a t in g  a t  a l l  t im e s .  
For e l e c t r e t s  o f  0 .6  cm. t h i c k n e s s  t h i s  i s  a f i e l d  o f  1666 
v o l t s  p e r  c e n t im e te r .
P r e - t r e a t m e n t  exposure  t im e .  This  was u s u a l l y  two 
h ou rs .  A tw e n ty - fo u r  hour t im e r  tu rn ed  th e  oven on and 
o f f ,  bu t  a n o th e r  one f o r  th e  high v o l t a g e  was no t  a v a i l a b l e .  
A more d e s i r a b l e  s i t u a t i o n  would have been to  have th e  
v o l t a g e  automated a l s o .
Temperature change. 25° C. to  70° C . t o r  35° C. change 
was used th ro u g h o u t  t h i s  r e s e a r c h .  There were a few days 
when th e  l a b o r a to r y  was n o t  a t  25° ,  but  th e  e f f e c t  was no t  
thought  to  be s i g n i f i c a n t .
Oven program. The oven was tu rned  on each n ig h t  from 
m idnight un t iL  fo u r  A. M. The tem p era tu re  changes w i th in  
t h e  oven were measured by a t h e r m i s t o r  thermometer and a re  
shown in  F ig u re  17. The t h e r m i s t o r  was suspended in  the  
oven about  2 cm. above th e  e l e c t r o d e s .  I t  could  n o t  be 
allowed to  touch  th e  a p p a ra tu s  f o r  t h i s  caused g r e a t  changes 
in  th e  c u r r e n t s  and cha rg es  observed .
Holding  t im e .  The high v o l t a g e  was removed a t  9 :00 
A. M. in  most c a s e s .  T h is  meant a h o ld ing  t ime of 3-4 
h o u r s .
S to rag e  t im e .  In  many caaes  t h e r e  was no s to r a g e .  
I n s t e a d  s u r f a c e  charge  r e a d in g s  were begun as soon as  th e  
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T em pera tu re  i n  d e g re e s  C e n t ig ra d e  
F ig u re  17, Oven Program
LOL
S u r fa c e  ch a rg e  d a ta  were i n f r e q u e n t l y  tak en  on oLd e l e c ­
t r e t s  aimpLy because  v e ry  L i t t l e  rem ained .  Uncoated e l e c ­
t r e t s  e i t h e r  had no c h a rg e  a f t e r  one day o r  had f r i c t i o n a l  
ch a rg es  from h a n d l in g .  Coated e l e c t r e t s  were uncharged 
and remained t h a t  way a f t e r  u n s h o r t i n g .  These e l e c t r e t s  
were o n ly  uncharged on th e  s u r f a c e ,  though ,  and TDC was 
s t i l l  p o s s i b l e  a f t e r  s e v e r a l  h o u r s ,  o r  even a day. Thus 
s u r f a c e  ch a rg e  measurements had p r i o r i t y  o v e r  TDC and were 
always made f i r s t .
Uncoated s u r f a c e  c h a rg e  d a t a . F ig u re  18 shows t h e  
decay o f  s u r f a c e  ch a rg e  w i th  t ime f o r  two d i f f e r e n t  c a r -  
nauba wax d i s c s ,  C-L and C-2. These two e l e c t r e t s  were 
made one y e a r  a p a r t ,  one i n  th e  summer o f  1963, t h e  o t h e r  
in  th e  summer o f  196**. They d id  no t  d i f f e r  in  t h e i r  dimen­
s io n s  o r  i n  any o t h e r  known way; p e rh ap s  t h e  t e m p e ra tu re  
in  th e  l a b o r a t o r y  d i f f e r e d  when th e y  were pou red .  C-2 
was poured in  a d e h u m id i f i e d ,  a i r - c o n d i t i o n e d  l a b o r a t o r y ,  
C-L in  a n o n a i r - c o n d i t i o n e d  l a b o r a t o r y  under c o n d i t i o n s  
n o t  r e c o rd e d .
The n e g a t i v e  s ig n  on t h e  n u l l  v o l t a g e  reco rded  in  th e  
graph means t h a t  th e  s u r f a c e  o f  t h e  e l e c t r e t  was n e g a t i v e .  
These e l e c t r e t s  were a l l  formed a t  +1000 v o l t s ,  and th u s  
a r e  showing a d ecay ing  h e te r o c h a r g e .  A l l  uncoa ted  e l e c ­
t r e t s  in  t h i s  r e s e a r c h  showed a h e te ro c h a rg e  ex cep t  f o r  two 
c a s e s  i n  which some o f  t h e  c o n d u c t in g  p a i n t  came o f f  th e
cn
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v i b r a t i n g  e l e c t r o d e  on to  th e  wax d u r in g  th e  h e a t in g  cycLe. 
These e l e c t r e t s  th en  behaved Like th e  coa ted  e l e c t r e t s  t h a t  
a r e  d e s c r ib e d  in  th e  n e x t  s e c t i o n .
The d i s p la c e m e n t  o f  t h e s e  decay c u rv e s  ( F ig .  18) from 
each o t h e r  in  v o l t a g e  i s  no t  p a r t i c u l a r l y  s i g n i f i c a n t  be­
cause  o f  t h e  f r e q u e n t  m o d i f i c a t i o n  and r e p a i r  o f  t h e  appa­
r a t u s  d u r in g  t h e  i n t e r v e n i n g  p e r io d s  and th e  subseq u en t  
v a r i a t i o n s  in  s p a c in g  o f  th e  charged  s u r f a c e s .  However, 
th e  shape o f  th e  decay cu rve  i s  c l e a r l y  t h e  same f o r  th e  
t h r e e  t r i a l s  o f  C-2, and d i f f e r e n t ,  a t  l e a s t  d u r in g  th e  
f i r s t  h ou r ,  from t h a t  f o r  C-L. F ig u re  19 shows C-L and C-2 
decay c u rv e s  on an expanded t im e s c a l e .  The C-L decay seems 
to  be s low er  t h a t  th e  C-2 decay .
In  F ig u re  18 th e  d i s c o n t i n u i t y  in  one o f  th e  C-2 cu rv es  
was caused by an i n t e r r u p t i o n  o f  r e a d in g s  f o r  r e p a i r s  o f  
th e  v i b r a t i n g  e l e c t r o d e  c o n n e c t io n .  The low es t  o f  t h e  C-L 
c u rv e s  ends a t  1 hour .  Th is  e L e c t r e t  was s h o r t e d  a t  t h a t  
t ime by r a i s i n g  i t  to  t h e  v i b r a t i n g  e l e c t r o d e .  A f t e r  t h r e e  
hours  o f  s h o r t e d  s t o r a g e  i t  was Lowered and r e a d in g s  were 
begun a g a in .  F ig u re  19 shows th e  r e s u l t  which i n c lu d e s  a 
new s h o r t  t im e  c o n s t a n t  decay b e f o re  t h e  s low er  decay 
p ro c e e d s .
Many a t t e m p t s  were made to  pLot t h e  decay c u rv e s  o f  
uncoated  e l e c t r e t s  i n  a manner which would y i e l d  s t r a i g h t  
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of V v e r su s  t ime y i e l d  n o t  s t r s i g h t  Lines but cu rves  sim- 
i l s r  in  shape to  th e  decay cu rv es  them se lves .  PLots o f  
dv/dt v e r su s  V a l s o  f a i l  t o  y i e l d  s t r a i g h t  l i n e s  as  do 
p l o t s  of L/V v e r su s  t  and V v e r su s  t .  Something c l o s e  to  
a s t r a i g h t  Line was found on ly  i n  th e  ca se  of one e l e c t r e t ,  
AL-L8 CL), F ig u re  20, curve C.
The s u r f a c e  charge  re a d in g s  of th e  e l e c t r e t s  w ith  
added s o l u t e s  a r e  shown i n  F igu re  20 .  There i s  very  L i t t l e ,  
i f  any, d i f f e r e n c e  between th e  r a t e s  of decay o f  pure  c a r -  
nauba wax e L e c t r e t s  and th o se  w ith  added s o l u t e s .  Table 11 
shows d e t a i l e d  d a ta  f o r  th e  curve C (AL-L8 (L ))  in  F igu re  20. 
F ig u re  21 shows th e  log V p l o t  f o r  t h i s  e l e c t r e t  on which 
have been drawn s t r a i g h t  l i n e s  to  correspond  to  e x p o n e n t ia l  
decay times o f  T “’« 40 m inu tes  and T ' « 9 .5  ho u rs .  Aa men­
t io n e d  above, o t h e r  log  p l o t s  were no t  as  nearLy l i n e a r ,  
and t h i s  one i s  taken  as s rough i n d i c a t o r  o f  th e  s h o r t  
and Long time c o n s t a n t  decay scheme.
The CTP. S u r fa c e  charge  re a d in g s  were made t h r e e  t imes 
on e l e c t r e t s  which had no therm al  t r e a tm e n t .  The decay 
cu rves  a r e  shown i n  F ig u re  22 .  Curve A i s  f o r  C-2 exposed 
f o r  15 hours to  +L000 voL ts .  Curve B i s  f o r  C-4, a f r e s h l y  
made e l e c t r e t ,  which had n ev e r  b e fo re  been p o l a r i z e d  e i t h e r  
th e rm a l ly  o r  o th e rw is e .  I t  was exposed f o r  1 2  hours to  
+1000 v o l t s .  This  " v i r g i n "  e l e c t r e t  seemed to  decay more 
r a p i d l y  than  th e  n o n - v i r g i n  ones in  th e  i n t e r v a l  one to
E l e c t r e t *  « i th  Add*d Sur£«cesCh«r|e, Unco8ted
L07
TABLE II
SURFACE CHARGE DATA FOR AL-I8 CI)
N u l l  V o l tage  (V) I ° g l 0  V Time (m in . )
390 2 .  591 2
380 2 .5 80 4
366 2.564 5
353 2 .548 6
341 2 .533 7
327 2 .  515 8
329 2 .517 9
323 2 .509 1 0
300 2 .477 15
283 2.452 2 0
268 2 .428 25
256 2 .408 30
246 2 .391 35
239 2.378 40
233 2 .367 45
218 2 .338 60
179 2 .25 3 1 2 0
L54 2.187 180
138 2 .140 240
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Figure 2L. Log P lo t  o f  Surface Charge
v o l t s  \*
i n  hours
LLO
t h r e e  hours  a f t e r  r e a d in g s  were begun.
Curve C in  F ig u re  22 i s  f o r  C-L exposed f o r  L2 h o u rs .  
The absence  o f  th e  i n i t i a l  r a p id  decay i s  p u z z l in g .  T h is  
e l e c t r e t  d i f f e r e d  from C-2 i n  cu rve  A o n ly  in  t h a t  i t  had 
been c o a te d  p r i o r  t o  t a k in g  t h i s  d a t a .  When CTP d a t a  were 
d e s i r e d  on C-L th e  c o n d u c t iv e  p a i n t  had been sc rap ed  o f f  
w i th  a r a z o r  bLade. Thus t h e  s u r f a c e  o f  t h i s  e l e c t r e t  may 
have had d i f f e r e n t  p r o p e r t i e s  than  th e  n o rm a l ly  h e a t - p o l -  
i sh ed  uncoa ted  s u r f a c e s .
The v a lu e  o f  t h e  s u r f a c e  cha rge  by th e  method of  
d i s t a n c e  v a r i a t i o n . In  G u bk in 's  t h e o r y  t h e r e  a r i s e s  t h e  
e q u a t io n  (eqn .  *4 , C h a p te r  IV):
______________ h 'V T  q —__________
Ei = Eext ~ ■ r ^ n ^ n r a r rf feint <dl  * 2  ̂ 71
t |_ L Cext + J
Here E ^ i s  th e  f i e l d  o u t s i d e  th e  e l e c t r e t ,  in  t h e  gap e x t  ®
between i t  and th e  s e n s in g  e l e c t r o d e ;  o-  i s  t h e  s u r f a c e
c h a rg e ;  d L, d^ ,  € . in t» € -ex t*  and L havc th e  s i g n i f i c a n c e  
i n d i c a t e d  in  F ig u re  LO. In  t h e  o p e r a t i o n  o f  m easur ing  th e  
ch a rg e  i n  t h i s  work i t  was p o s s i b l e  t o  v a ry  d^ by t h e  use 
o f  th e  e l e c t r e t  m ic rom ete r  screw . The n u l l  v o l t a g e  was 
observed  t o  v a ry ,  and i t  was th o u g h t  t h a t  a t e s t  o f  
G ubk in 's  form ula  shou ld  be made. ALso t h i s  method th e o ­
r e t i c a l l y  can g iv e  v a lu e s  o f  t h e  s u r f a c e  ch a rg e .
I f  one assumes £ e x t  = L* ^ i n t  “ 2 . 8 ,  G ubk in 's
ILL
formuLa red u ces  to
E -  -  ‘flT o-L
e x t  " 2 . 8 ( d L + d2 ) + L
Note t h e  s i m i l a r i t y  o f  t h i s  t o  Swann's  e q u a t io n  (eqn .  3,
C hap te r  IV) .  Upon d i v i d i n g  bo th  s i d e s  i n t o  u n i t y  one f i n d s :
L 2 . 8 d^ 2 . 8 d2  ^
E e x t  ~  *  + Arr'o-'L + krr'cr'
I f  d2  i s  c o n s t a n t ,  and Ee x t  ta k e n  as  vex t / ^ * ^  x
c o n s i d e r in g  th e  d i s t a n c e  to  th e  t h i r d  e l e c t r o d e ,  and i f
charge  s ig n s  a r e  d i s r e g a r d e d  one has:
L 2.8v' -  --------------  _ 7—  d, + c o n s t a n t  (5)
UTfo-L(L.3 x 10 m)
P l o t s  o f  V-  ̂ v e r s u s  d^ should  be L in e a r ,  a p r e d i c t i o n  
which cou ld  be t e s t e d  e x p e r i m e n ta l ly .  F ig u re  23 shows such 
p l o t s  f o r  s e v e r a l  ca rnauba  wax e l e c t r e t s .  F ig u re  2*4 shows 
s im iL ar  d a ta  f o r  e l e c t r e t s  w i th  added s o l u t e s .  TabLe I I I  
summarizes t h e  c o n d i t i o n s  and s lo p e  d e t e r m in a t io n s  f o r  th e s e  
p l o t s .  A ty p ic sL  s u r f a c e  ch a rg e  c a l c u l a t i o n  i s  shown in  
th e  app end ix .
R e f e r r i n g  t o  F ig u re  23 ,  A and C a r e  f o r  p o s i t i v e l y  
charged  s u r f a c e s ,  B and D a r e  f o r  n e g a t i v e l y  charged ones .  
The s ig n  o f  V was d i s r e g a r d e d  in  making th e  p l o t .  Read­
in g s  o f  th e  n u l l  v o l t a g e  were made u s u a l l y  a t  2  r e v o l u t i o n s  
o f  th e  m ic ro m ete r ,  t h e  normal d i s t a n c e ,  and a t  s u c c e s s i v e l y  
Larger  d i s t a n c e s .  Then th e  r e a d in g s  were made on th e  r e ­
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TABLE I I I
SURFACE CHARGE FROM DISTANCE VARIATION SLOPE
F ig u re E l e c t r e t
I d e n t i f i c a t i o n
V a t  
2  r e v .
o-'Cf rom 
CouL.
a lo p e )  
x 1 0




















p o l a r i z e d  
w i th  -1000 V
24-E AI-L 8 -259 38
24-F A -18 -217 57
24-G A-18 -2*45 57
24-H C-L -606 L05
115
th e  arrows and doubLe curve  in  F ig u re s  23 snd 2*4. D is a g re e ­
ment o f  th e  r e a d in g s  on th e  forward and r e t u r n  t r i p a  can be 
a t t r i b u t e d  to  two ca u se a .  Any m echanical  p la y  in  th e  mi­
c ro m ete r  mechanism wiLL cause  such an e f f e c t .  A more im­
p o r t a n t  re a so n  was t h a t  th e  s u r f a c e  charge  was n o t  always 
c o n s t a n t  d u r in g  th e  measurement, but  was s t i l l  changing  
s low ly .  In  th e  c a se  o f  uncoated  e l e c t r e t s  i t  was d e c r e a s ­
in g .  In  t h e  c a se  of cu rve  A, F ig u re  23, which was a c c i ­
d e n t a l l y  c o a te d  and showed a h e te ro c h a rg e ,  i t  was i n c r e a s i n g .
F ig u re  2k shows t h e  s u r f a c e  charge  o f  two t r i a l s  o f  
A -1 8 (1 ) ,  F and G, which were in  very  good agreement.
AI-18CI) gave t h e  r a t h e r  e r r a t i c  curve E, and H shows a 
C-L cu rve  f o r  s i m i l a r  c i r c u m s t s n c e s .
F ig u re  25 has a d i f f e r e n t  a c a l e  than  t h a t  o f  t h e  o t h e r  
p l o t s .  I t  shows in  cu rve  A a s u r f a c e  charge  by d i s t a n c e  
v a r i a t i o n  f o r  a c am au b a  wax e l e c t r e t  th e  sLope of  which 
c o r re sp o n d s  to  about 100 nanocoulombs. Curve B in  t h i s  
f i g u r e  i s  a p l o t  o f  n u l l  v o l t a g e  v e r su s  d i s t a n c e  when th e  
to p  s u r f a c e  of  t h e  e l e c t r e t  was coa ted  and connected  to  a 
s e p a r a t e  power suppLy p ro v id in g  -L000 v o l t s .  The connec­
t i o n  was made th rough  a sm al l  phosphor bronze c o n t a c t  t h a t  
rode on top  o f  t h e  e l e c t r e t .  The a u x i l i a r y  aupply  was a 
Gyra E l e c t r o n i c s  V-2Q0. Due to  120 c y c le  r i p p l e  in  th e  
o u tp u t  o f  t h i s  supp ly  i t  was n e c e s sa ry  to  o p e r a te  th e  e n t i r e  
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to  s t a b i l i z e  t h e  n u l l  p a t t e r n .
The a i g n i f i c a n c e  o f  t h i s  expe r im en t  l a  t h a t  such a 
pLot I s  n o t  as  n e a r l y  L inea r  as  t h e  normeL s u r f a c e  ch a rg e  
p L o ts .  T h is  I s  to  be expec ted  because  an e l e c t r e t  w i th  
L000 v o l t s  a p p l i e d  to  I t s  s u r f a c e  and m a in ta in ed  by an ex­
t e r n a l  so u rce  should  n o t  behave as  does an e l e c t r e t  th e  
v o l t a g e  of  which v a r i e s  w i th  th e  deg ree  of  s h o r t - c i r c u i t i n g  
a c c o rd in g  t o  G u b k in 's  e q u a t io n .  I t  i s  a p p a re n t  i n  th e  f i g ­
u re  t h a t  th e  v o l t a g e  on t h e  s u r f a c e  o f  a r e a l  e l e c t r e t ,  
and th u s  th e  f i e l d  w i t h i n  i t ,  i n c r e a s e s  a s  t h e  d i s t a n c e  d^ 
i n c r e a s e s .  G u b k in 's  e q u a t io n  i s  n o t  e x a c t l y  obeyed because  
i t  was d e r iv e d  f o r  i n f i n i t e l y  ex tended  e L e c t r e t s  w i th  no 
edge e f f e c t s .  In  o t h e r  words th e  e L e c t r e t  p l o t s  a r e  n o t  
L inea r  because  o f  f l u x  Loss as  d^ i n c r e a s e s  and becomes 
a p p r e c i a b l e  compared to  t h e  e L e c t r e t  d ia m e te r .
Coated s u r f a c e  c h a r g e s . E L e c t r e t s  th e  to p  s u r f a c e s  
o f  which were p a in te d  w i th  Dag e x h i b i t e d  a co m p le te ly  d i f ­
f e r e n t  s u r f a c e  charge  b eh a v io r  th a n  th o s e  t h a t  were L e f t  
u n c o a te d .  Coated  e L e c t r e t s  have an a p p a re n t  homocharge.
I f  t h e  p o l a r i z i n g  h igh  voLtage i s  removed from th e  top  
s u r f a c e  w i th o u t  g rounding  i t ,  th e  s u r f a c e  ch a rg e  (+) be­
haves as  in  F ig u re  26 ,  c u rv e s  A and C. Curve B shows the  
b u i ld u p  of  s u r f a c e  ch a rg e  on th e  e l e c t r e t  when th e  s u r f a c e  
in  cu rve  A was s h o r t e d  m om entar i ly  a f t e r  5-J- h o u rs .  Curve
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C i s  t h a t  o f  an e l e c t r e t  which was n eve r  sh o r te d  and was 
enc losed  in  a g l a s s  r i n g  ( i t s  forming mold) d u r in g  th e  
r e a d in g s .  The d e c re a s e  in  charge  was due to  the  r e s i s t i v e  
p a th  prov ided  by t h i s  r i n g  which d ra in ed  away th e  c h a r g e t 
which would o th e rw ise  have been s low ly  i n c r e a s i n g  w i th  t im e .
F ig u re  27 shows how th e  s u r f a c e  o f  a coa ted  e l e c t r e t  
behaved when i t  was s h o r te d  upon removal o f  th e  p o l a r i z i n g  
v o l t a g e .  This  was th e  c a se  when th e  p o l a r i z i n g  supply  was 
tu rn ed  to  zero  v o l t s  b e fo re  i t  was d i s c o n n e c te d ;  such a 
p rocedure  i s  much s a f e r  than  th e  p re v io u s  one. At t ime 
zero  on th e  f i g u r e  th e  s h o r t  was removed. A and B i n  t h i s  
f i g u r e  a r e  bo th  C-2 th e rm a l ly  p o l a r i z e d  under th e  u su a l  
c o n d i t i o n s .  In  A on ly  *500 v o l t s  o f  p o l a r i z i n g  v o l t a g e  was 
used;  in  B th e  u s u a l  *1000 v o l t s  was used .  Tt^e B curve 
a l s o  shows th e  r e s u l t s  o f  s h o r t i n g  s g a in  a t  one hour.
F ig u re  28 g iv e s  a more complete  p i c t u r e  o f  t h e  e f f e c t  
o f  s h o r t - c i r c u i t i n g  th e  e l e c t r e t  a t  v a r io u s  t im es  a f t e r  th e  
high v o l t a g e  was removed. Curve A, t h e  same as B in  F ig u re  
2 6 t shows th e  i n c r e a s e  o f  cha rge  a f t e r  a momentary s h o r t  
f o r  C-2 which had been o p e n - c i r c u i t e d  and never  sh o r te d  
a f t e r  th e  h igh  v o l t a g e  was removed. Note th e  d e f i n i t e  
s h o r t  t ime c o n s t a n t  f o r  th e  cha rge  i n c r e a s e .
Curve B i s  th e  same as  B in  F ig u re  27, ex cep t  t h a t  the  
B’ p a r t  i s  shown f o r  lo n g e r  t im e s ;  B* i s  th e  ch a rg e  in c re a s e  
a f t e r  momentary s h o r t i n g  a t  one hour .  C i s  e s s e n t i a l l y  th e
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same s i t u a t i o n ,  bu t  t h e  e l e c t r e t  was s h o r t e d  a t  £  hour;  C’ 
i s  th e  c o n t i n u a t i o n  o f  th e  ch a rg e  i n c r e a s e  a f t e r  s h o r t i n g .
D i s  a d i f f e r e n t  e l e c t r e t ,  C-Lt and i t  was p o l a r i z e d  a t  
-1000 v o l t s  i n s t e a d  o f  +1000 v o l t s .  The n u l l  v o l t a g e s  
p l o t t e d  were n e g a t i v e ,  bu t  t h e  s ig n  i s  d i s r e g a r d e d  i n  o r d e r  
to  d i s p l a y  them on th e  same g rap h .  D* i s  th e  c o n t i n u a t i o n  
a f t e r  s h o r t i n g  a t  £  hour .  The l i n e  E shows th e  charge  i n ­
c r e a s e  on C-2 when t h e  e l e c t r e t  had been s h o r t - c i r c u i t e d  
f o r  f i v e  h o u rs ,  a f t e r  th e  removal o f  h igh v o l t a g e  u n t i l
r e a d in g s  began. Note t h e  d i f f e r e n c e  between t h i s  g ra d u a l
r i s e  and t h a t  o f  cu rve  A.
A f t e r  *»■§■ hours  o f  t a k in g  r e a d in g s  f o r  E t h i s  e l e c t r e t  
wa8 s h o r te d  and l e f t  o v e r n ig h t .  Then, 22-$- hours  a f t e r  th e  
removal o f  h igh  v o l t a g e  th e  s h o r t  was a g a in  removed and 
cu rve  F r e s u l t e d .  The g ra d u a l  r i s e  i n d i c a t e s  t h a t  th e  
h e te ro c h a rg e  i s  s t i l l  d ecay in g .
F ig u r e  29 shows decay cu rv es  f o r  seven  d i f f e r e n t  e i e c ­
t r e t s ,  t h r e e  o f  ca rnaubs  wax and two each  o f  e i e c t r e t s  w i th  
added s o l u t e s .  These a r e  grouped t o g e t h e r  i n  one f i g u r e
because  th ey  were a l l  formed and measured under  n e a r l y  i -
d e n t i c a l  c o n d i t i o n s .  A f t e r  form ing  them t h e r m s l l y  by t h e  
u s u a l  p r o c e s s ,  th e  h igh  v o l t a g e  was removed w i th o u t  s h o r t ­
in g  them and t h e  p o s i t i v e  s u r f a c e  ch a rg e  was re ad  f o r  f i v e  
m in u te s .  These i n i t i a l  d a ta  a r e  g iv en  by th e  primed s e t  
o f  p o i n t s .  The e i e c t r e t s  were s h o r t e d  a t  f i v e  m in u te s .
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The s h o r t  was removed a t  5£ m in u te s , and th e  r e s u l t s  appear 
in  th e  f i g u r e .
Curve A i s  th e  o ld  C-L which always showed a s lower 
i n i t i a l  decay than  did  any o f  th e  o th e r  e L e c t r e t s  in  t h i s  
work. Curve B i s  C-3, an e l e c t r e t  f r e s h l y  made a t  the  
time o f  t h e  r e a d in g .  Curve C i s  C-5, a ca rnaubs  wax e l e c -  
t r e t  t h a t  was s l i g h t l y  t h i c k e r  than  most o f  th e  e L e c t r e t s  
and formed in  two Layers t h a t  were sandwiched t o g e t h e r .
D and E a r e  AL-L8(L) and AL-L8C2) r e s p e c t i v e l y .  These 
e L e c t r e t s  were made a yea r  a p a r t ,  a l th o u g h  th e s e  d a ta  were 
taken  w i th in  a few days o f  each o t h e r .  The agreement i s  
s u r p r i s i n g l y  good f o r  two d i f f e r e n t  d i s c s .  F and G a r e  
A-L8(L) and A-18(2) r e s p e c t i v e l y .  The same remarks appLy, 
amd agreement in  t h i s  ca se  i s  even b e t t e r .  R e p r o d u c ib i l i t y  
in  th e s e  exper im en ts  was a ided  c o n s id e ra b ly  by th e  f a c t  
t h a t  th e  e l e c t r e t  sp ac in g  d id  n o t  have to  be a l t e r e d  be­
tween ex p e r im e n ts .  With coa ted  e i e c t r e t s  a w ire  was used 
to  connec t  th e  v i b r a t i n g  e l e c t r o d e  t o  th e  e l e c t r e t  s u r f a c e  
d u r in g  p o l a r i z a t i o n ;  th u s  t h e  e l e c t r e t  d id  n o t  have to  be 
r a i s e d .  The s h o r t i n g  w ire  had an i n s u l a t e d  handle  t h a t  
enabled  i t  to  be removed, Leaving th e  coa ted  and charged 
s u r f a c e  a t  th e  s ta n d a rd  d i s t a n c e  from th e  v i b r a t i n g  eLec- 
t r o d e .
The shapes of  a l l  th e  curves  in  t h i s  f i g u r e  a r e  s im i­
l a r  ex cep t  f o r  t h a t  o f  C-3. For some reason  C-3 has a more
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r a p id  e a r l y  decay. Also th e  curve f o r  C-3 (cu rve  B) be­
comes h o r i z o n t a l  much sooner than  most.  C-5 (cu rve  C) 
shows a l a r g e r  charge  probabLy because o f  i t s  g r e a t e r  t h i c k ­
n e s s ,  n o t  because o f  i t s  g r e a t e r  p o l a r i z a t i o n .  S in c e ,  in  
t h i s  s e r i e s  o f  ex p e r im e n ts ,  th e  e l e c t r e t  h o ld e r  was n o t  
moved t h i s  t h i c k e r  e l e c t r e t  was c l o s e r  to  th e  v i b r a t i n g  
e l e c t r o d e .  I t  i s  u n f o r tu n a te  t h a t  t h i s  f a c t  was n o t  ap p re ­
c i a t e d  a t  t h e  time and t h a t  th e  experim ent  was no t  re p ea ted  
a t  th e  p ro p e r  sp a c in g .
I t  should be p o in ted  o u t  here  t h a t  th e s e  s u r f a c e  charge  
p l o t s  on coa ted  e i e c t r e t s  a r e  i d e n t i c a l  in  shape to  th o se  
p u b l i sh e d  by Adams in  1927.6 Like Adams' c u rv e s ,  t h e s e  do 
n o t  f i t  any e x p o n e n t i a l  scheme. P l o t s  of Log (Voo - V) 
v e r su s  t ime were t r i e d  f o r  s e v e r a l  cu rves  t h a t  approached 
a h o r i z o n t a l  asymptote  which couLd be a s s ig n ed  as  V«© , but  
th e  r e su L ts  were n o t  s t r a i g h t  L ines .
F ig u re  30 was pLotted  f o r  th e  purpose o f  comparing th e  
coa ted  s u r f a c e  charge  r i s e  w i th  th e  uncoated s u r f a c e  charge 
f a l l ,  s i n c e  both  presumably r e p r e s e n t  th e  decay o f  the  
h e te ro c h a rg e .  In  t h i s  f i g u r e  curves  A and B r e p r e s e n t  the  
r e s u L ts  from th e  uncoated  e L e c t r e t s  C-L and C-2; th e  L e f t -  
hand o r d i n a t e  v a lu e s  a r e  a p p l i c a b l e .  C and D g iv e  re su L ts  
from co a ted  e L e c t r e t s ;  th e s e  r e s u l t s  a r e  pLotted  ups ide
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down; th e  r i g h t - h a n d  o r d i n a t e  vaLues a r e  a p p l i c a b l e .  Curve 
C i s  f o r  th e  e l e c t r e t  C-3 and app ea rs  d i s s i m i l a r  to  the  
o t h e r s ,  bu t  D i s  f o r  C-5, th e  lam ina ted  e l e c t r e t ,  which 
i l l u s t r a t e s  t h e  expec ted  g r e a t  s i m i l a r i t y  to  th e  decay of 
uncoated  e i e c t r e t s .  However, even C-5 becomes h o r i z o n t a l  
a f t e r  two hours ( t h e r e  i s  more d a ta  which l i e s  beyond th r e e  
h o u r s ) ,  whereas th e  uncoated  decay schemes proceed downward 
eventuaLLy to  ze ro .
F ig u re  31 shows s u r f a c e  cha rg es  f o r  C-2 under s i m i l a r  
c o n d i t i o n s  i n  two ex p e r im e n ts .  The on ly  d i f f e r e n c e  i s  t h s t  
cu rve  A i s  f o r  a no n - the rm a l  e l e c t r e t  (CTP) and cu rve  B f o r  
th e  u su a l  4 -h o u r  oven c y c le .  Thus th e  cu rv es  compare CTP 
w ith  an i d e n t i c a l  the rm a l  e l e c t r e t .  The e i e c t r e t s  were 
in i t i a L L y  s h o r t e d ,  and t h e  d o t t e d  Line r e p r e s e n t s  a s h o r t  
c i r c u i t .  I t  i s  ap p a re n t  t h a t  th e  no n - th e rm a l  e L e c t r e t  has 
a h e te ro c h a rg e  which decays more r a p i d l y  than  does th e  
the rm al  e l e c t r e t .  A f a s t e r  CTP d i s c h a r g e  was a l s o  observed 
w i th  uncoated  e L e c t r e t s .  In  a d d i t i o n  t h i s  f i g u r e  i l l u s ­
t r a t e s  th e  f a c t  t h a t  t h e s e  s u r f a c e  charge  re a d in g s  on coa ted  
e L e c t r e t s  g ive  a lm ost  no in fo rm a t io n  about  th e  f r o z e n - i n  
ch a rg e .  They p ro v id e  i n s t e a d  on ly  a r e p r o d u c ib l e  measure 
of  th e  s h o r t  t ime c o n s t a n t  decay t h a t  i s  c h a r a c t e r i s t i c  of 
both  the rm al  and n o n - th e rm a l  e i e c t r e t s .
o oo(0op
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w ith  Thermal
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D. Thermal D ischa rge  Curvea
The a p p a ra tu s  used f o r  th e rm a l  d i s c h a r g e  c u r r e n t  
measurement had been d e s c r ib e d  i n  C h ap te r  I I I .  A lthough 
th e  equipment and th e  p ro c ed u re  a r e  simpLet some d i s c u s s i o n  
o f  t h e  d i f f i c u l t i e s  in vo lved  i s  in  o r d e r .
F i r s t  th e  c h o ic e  o f  lO*’*’ ohms as an e l e c t r o m e t e r  in p u t  
r e s i s t a n c e  f o r  t h e  measurements was d i c t a t e d  by t h e  upper 
l i m i t  o f  t h e  c a l i b r a t e d  r e s i s t a n c e s  in  th e  G enera l  Radio 
e l e c t r o m e t e r .  I t  was th o u g h t  t h a t  th e  h ig h e r  t h e  r e s i s t ­
ance th e  b e t t e r  th e  r e s u l t  because  t h i s  a r rangem ent  magni­
f i e d  th e  v o l t a g e  r e a d in g s  f o r  a g iv en  c u r r e n t .  Gerson and 
Rohrbaugh^ had used a p p ro x im a te ly  t h i s  r e s i s t a n c e .  However,
i t  i s  now f e l t  t h a t  a lower r e s i s t a n c e  would have been a
1 0  9b e t t e r  c h o ic e ,  p e rh ap s  10 o r  10 ohms. The f r a c t i o n  of  
t h e  d i s c h a r g e  c u r r e n t  l o s t  by co nduc t ion  w i t h i n  t h e  body 
o f  t h e  e l e c t r e t  was p ro b a b ly  h ig h e r  f o r  t h e  r e s i s t a n c e  used 
th an  i t  would have been f o r  lower e x t e r n a l  r e s i s t a n c e s .
The G enera l  Radio e l e c t r o m e t e r  proved a s t a b l e  and 
dependable  in s t r u m e n t ,  and i t  i s  recommended f o r  use  in  t h i s  
a p p l i c a t i o n .  A f t e r  an hour o f  warm-up th e  z e r o - d r i f t  of  
t h i s  in s t ru m e n t  was n e v e r  more than  a few m i l l i v o l t s .
G enera l  Radio c o n n e c to r s  were used a t  th e  in s t ru m e n t  but 
s t a n d a rd  c o a x i a l  c o n n e c to r s  e l s e w h e re .  The in p u t  c a b le s
^Gerson and Rohrbaugh, £ £ .  c i t . ,  p .  2382.
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were a l l  h i g h - q u a l i t y  c o a x ia l  c a b le s .  Well-grounded i n ­
s t rum en ts  a r e  e s s e n t i a l  i n  such expe r im en ts ;  i n  one case  
d i f f i c u l t y  was caused by an ungrounded th e r m i s t o r  probe 
from th e  b a t t e r y  o p e ra ted  t h e r m is to r  thermometer.
I t  i s  im p o r tan t  t h a t  c o n n e c t in g  w ire s  i n s i d e  th e  oven 
be b a re ,  u n in s u l a t e d ,  s o l i d  copper w ire .  During one summer 
about f i f t y  therm al  d i s c h a rg e  cu rves  were recorded  f o r  a 
s e r i e s  o f  e i e c t r e t s ,  m ost ly  C - l ,  p a r a f f i n  wax, pure s t e a r i c  
a c id ,  and e L e c t r e t s  A-L8 ( l )  and AL-L8 ( L ) ; the  cu rves  Later  
had to  be thrown away. I t  was d i sco v e red  t h a t  aLthough 
th e  ap p a ra tu s  gave no TDC when a c o n t r o l  experiment was run 
a t  normal tem p e ra tu re ,  i t  d id  g ive  a TDC when th e  ap p a ra tu s  
was run th rough  a controL p o l a r i z a t i o n  c y c le .  This  o b s e r ­
v a t io n  meant t h a t  p a r t s  o f  th e  ap p a ra tu s  o th e r  than  the  
sample were behaving as  e L e c t r e t s .  The cause of t h i s  i n t e r ­
f e r e n c e  was finaLLy found to  be a s h ie ld e d  w ire  which had 
been used in  the  oven between th e  coaxiaL co n n ec to r  and th e  
v i b r a t i n g  eL ec tro de .  I t  was an old  type  o f  s h ie ld e d  w ire ,  
t h e  kind w i th  c l o t h  i n s u l a t i o n ,  and th e  s h i e l d  was grounded, 
of  co u rse .  The c l o t h  in s u L s t io n  gave e x c e l l e n t  thermaL 
d is c h a rg e  cu rv es  which had a peak c u r r e n t  of about  2  x 1 0 ” ^  
amperes. When th e  shieLded w ire  was repLaced w ith  a bare  
w ire  aLL of th e  a p p a ra tu s  TDC d i s a p p e a re d .
ThermaL d i s c h a rg e  curves  couLd no t  be ru n  immediately  
a f t e r  th e  high voLtage was tu rned  o f f ,  and th e  e l e c t r o m e te r
L3L
was connec ted  to  th e  co a te d  e i e c t r e t s .  I f  t h i s  p ro c ed u re  
were a t tem p ted  t h e r e  would app ear  on th e  e l e c t r o m e t e r  a 
h igh  p o s i t i v e  v o l t a g e  which th e n  decayed toward z e ro .  This  
was a g a in  t h e  CTP phenomenon which was r e p o r t e d  in  p a r t  B 
of  t h i s  c h a p t e r .  A f t e r  30 m inu tes  t h i s  c u r r e n t  had usualLy 
d im in ish ed  s u f f i c i e n t l y  to  beg in  th e  TDC by t u r n i n g  on th e  
oven. Thus " im m ediate  TDC" in  th e  t e x t  to  f o l l o w  reaLLy 
means d i s c h a r g e  a f t e r  30 m in u te s .
The f i n a l  e l e c t r o m e t e r  r e a d in g  a f t e r  t h i s  CTP decay 
was n o t  z e ro .  I t  v a r i e d  from -40 to  -120 m iL I iv o l t s  a c r o s s  
L 0 ^  ohms. T h is  v o l t a g e  was tho ug h t  to  be a c o n t a c t  p o te n ­
t i a l  c h a r a c t e r i s t i c  o f  th e  a p p a r a tu s  o r  o f  th e  Dag-wax 
s u r f a c e s  because  i t  always was p r e s e n t .  The onLy d i f f i ­
c u l t y  i t  caused  was t h e  incon v en ien ce  t h a t  th e  TDC’ s d id  
n o t  beg in  a t  z e ro .
Uncoated TDC. i f  an e l e c t r e t  was p o l a r i z e d  th e r m a l ly  
w i th o u t  co n d u c t in g  p a i n t  on i t s  s u r f a c e ,  t h a t  i s  by r a i s i n g  
th e  e l e c t r e t  to  t h e  e l e c t r o d e ,  i t  showed a s u r f a c e  charge  
b eh a v io r  which has p r e v i o u s l y  been d e s c r ib e d .  However, 
uncoa ted  e i e c t r e t s  gave very  l i t t l e  o r  no e f f e c t  i n  th e  
TDC e x p e r im e n t .  F ig u re  32 shows thermaL d i s c h a r g e  cu rves  
f o r  co a te d  and uncoa ted  ca rnauba  wax e i e c t r e t s .  Curve A 
i s  f o r  an uncoa ted  e l e c t r e t  two hours  a f t e r  th e  p o l a r i z i n g  
v o l t a g e  was tu rn e d  o f f .  Curve B i s  f o r  an uncoated  e l e c t r e t  
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Figure 32. The E ffe c t  o f  C osting  on TDC
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C and D a r e  f o r  coa ted  e L e c t r e t s .
The v a s t  d i f f e r e n c e  between th e  cu rves  A, B and thoae  
C, D r a i s e s  th e  q u e s t i o n ,  do uncoated e L e c t r e t s  n o t  a c q u i r e  
a f r o z e n - i n  charge  o r  do th e y  a c q u i r e  one which does n o t  
g e t  to  th e  e l e c t r o m e t e r  in  th e  TDC exper im en t?  T h is  qu es ­
t i o n  was answered by a s e r i e s  of t h r e e  ex p e r im e n ts .  In 
two of  th e s e  expe r im en ts  uncoated  e L e c t r e t s  were exposed 
isothermsLLy f o r  twelve hours to  th e  high voLtage; then  
s u r f a c e  cha rges  were read  as  usuaL. A f t e r  t h i s  o p e r a t io n  
th e  e L e c t r e t s  were p a in te d  w ith  Dag and th e  TDC experim ent  
was ru n .  They both  showed no TDC and gave a Line s i m i l a r  
to  cu rve  A in  F igu re  32. The t h i r d  uncoated e l e c t r e t  was 
p o l a r i z e d  in  th e  u su a l  manner, thermaLLy, and a f t e r  the  
s u r f a c e  cha rges  were d e te rm in ed ,  th e  e l e c t r e t  was coa ted  
and TDC was ru n .  Curve E i s  th e  r e s u l t .
These d a ta  i n d i c a t e  t h a t  e L e c t r e t s  which were p o la r i z e d  
uncoated d id  a c q u i r e  a f r o z e n - i n  ch a rg e ,  a f a c t  which t h e i r  
s u r f a c e  charge  b eh a v io r  a l s o  i n d i c a t e d .  However, i f  th e  
TDC exper im ent  was a t tem pted  w i th o u t  c o a t in g ,  very  L i t t l e  
o r  none of th e  d i s c h a rg e  c u r r e n t  got to  the  e l e c t r o m e t e r .  
Presumably i t  was d i s s i p a t e d  w i th in  th e  e L e c t r e t  because 
th e  c o n t a c t  r e s i s t a n c e  to  th e  e l e c t r o d e  was too  g r e a t .  I f  
t h e  e l e c t r e t  was coa ted  b e fo re  TDC i t  showed a p ro p e r  t h e r ­
maL d i s c h a rg e  curve  when t h e r e  was a f r o z e n - i n  ch a rg e .  In 
th e  case  o f  i s o th e rm a l  e L e c t r e t s  t h e r e  was a p p a r e n t ly  no
L34
f r o z e n - i n  c h a rg e .  AIL of  th e  rem a in ing  TDC'a a r e  f o r  
c o a te d  e L e c t r e t s .
R e p ro d u c ib iL i ty  and e f f e c t  o f  s t o r a g e . F ig u re  33 
shows TDC1s f o r  two ca rnauba  wax e L e c t r e t s .  ALL th e s e  
c u rv e s  excep t  D a r e  f o r  t h e  e L e c t r e t  C-2. Curve D i s  f o r  
C-L a f t e r  days s t o r a g e .  Curves A and B show th e  good 
r e p r o d u c i b i L i t y  t h a t  i s  o b t a i n a b l e  when t h e  same co a ted  
e l e c t r e t  i s  used i n  two e x p e r im e n ts .  A t h i r d  cu rve  couLd 
have been drawn f o r  C-2 under t h e s e  c o n d i t i o n s ,  which were 
immediate TDC w i th  no s t o r a g e  t im e ,  bu t  th e  d a ta  a r e  so 
c l o s e  t o  t h o s e  o f  cu rv e  B t h a t  one cu rve  s u f f i c e s  f o r  both  
s e t s  of  d a t a .
C, D, and E a r e  a l l  f o r  e L e c t r e t s  t h a t  were s to r e d  
whiLe s h o r t e d .  Curve C i s  f o r  C-2 a f t e r  *4 hours  s t o r a g e .  
Curve E i s  f o r  C-2 a f t e r  5 days s t o r a g e .  These cu rv es  show 
t h a t  th e  f r o z e n - i n  ch a rg e  in  s h o r te d  e L e c t r e t s  decays on ly  
v e ry  sLowly d u r in g  s t o r a g e .  They aLso show t h a t  in  compar­
i s o n  t o  immediate TDC's t h e  c u r r e n t  r i s e  d u r in g  t h e  TDC i s  
s i g n i f i c a n t L y  de lay ed  a f t e r  s t o r a g e .  For example curve  E 
a c q u i r e s  a p o s i t i v e  s lo p e  o n ly  a f t e r  f i f t e e n  m in u te s ,  where 
a s  A and B do so w i t h i n  t h e  f i r s t  f i v e  m in u te s .  T/ime ze ro  
i n  t h e s e  p l o t s  i s  t h e  moment a t  which th e  oven was tu rn e d  
on.
I t  would be i n t e r e s t i n g  to  see  an immediate TDC f o r  
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exper im en t  was n o t  done; C-L was uncos ted  th ro u g h o u t  most 
o f  th e  work and was c o s te d  o n ly  d u r in g  th e  f i n a l  e x p e r im e n ts .  
The d o t t e d  p o r t i o n  of  D and t h e  arrows i n d i c a t e  t h a t  he re  
t h e  e l e c t r o m e t e r  r e a d in g s  were e r r a t i c  and f l u c t u a t e d  up 
and down a b r u p t l y .  T h is  happened f r e q u e n t l y  w i th  s t o r e d  
e L e c t r e t s .  I t  i s  n o t  known i f  t h i s  v a r i a t i o n  was c h a r a c ­
t e r i s t i c  o f  th e  e L e c t r e t s  o r  due to  some poor c o n t a c t  in  
th e  equipment.
The e f f e c t  o f  s t o r a g e  was de te rm ined  more q u a n t i t a t i v e ­
l y  by w eighing  th e  a r e a s  under th e  TDC's of F ig u re  34.
These a r e  r e s u l t s  from th e  e l e c t r e t  A-L8 (L) t h a t  were ob­
t a i n e d  im m ed ia te ly  a f t e r  th e  h igh  v o l t a g e  was removed, cu rve  
A, and a f t e r  34 hours  o f  s t o r a g e  whiLe t h e  e l e c t r e t  was 
s h o r t e d ,  cu rv e  B. These d a ta  were ta k e n  f o r  a s u f f i c i e n t l y  
Long t ime so t h a t  th e y  could  be e x t r a p o l a t e d  to  ze ro  c u r ­
r e n t .  Then they  were i n t e g r a t e d  by w eigh ing  and t h e
f r o z e n - i n  cha rg e  c a l c u l a t e d  in  each c a s e .  The immediate
_2
TDC r e p r e s e n te d  4 .L x LO microcoulombs o f  c h a rg e ,  o r  41 
nanocoulom bs. The 34 hour TDC r e p r e s e n t e d  2 7 .4  nanocou- 
Lombs o f  ch a rg e .  I f  one assumes an e x p o n e n t i a l  decay o f  
th e  form:
- «c tp a
- 2  - L
t h e s e  d a ta  th en  co r re sp o n d  to  oc « I . 19 x 10 h r .  , o r  
'T' = L/oc = 84 hours = 3 .5  d ay s .
Data on the C-2 eL ec tre t  which was stored  5 days
cn






Figure 34. E ffe c t  of Storage on TDC o f  Shorted ELectrets
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(shown in  F ig u re  33) were no t  observed f o r  a s u f f i c i e n t  
t ime to  make i n t e g r a t i o n  by weighing poss ibLe.  I t  i s  
a p p a re n t ,  however, t h a t  "T f o r  s to r a g e  of sh o r ted  C- 2  i s  
much Longer, and i t  i s  e s t im a te d  a t  L6  days.
E L e c t r e t s  w ith  added s o l u t e s . F ig u re  35 shows TDC 
f o r  th e  s o l u t i o n  e L e c t r e t s .  The cu rves  a r e  LabeLed by t h e i r  
e L e c t r e t  code numbers. They were a l l  formed and measured 
under  s i m i l a r  c i r c u m s ta n c e s .  A-L8 ( i )  and A-L8(2) d id  no t  
ag ree  w e l l  w ith  each o t h e r .  AL-L8 (L) and AL-L8C2) a l s o  did 
n o t  a g re e .  The d a ta  on AL-L8C2) a r e  e r r a t i c  because th e  
s u r f a c e  o f  t h e  e l e c t r e t  was m e l t in g  a t  about t  * •§■ hour.
The oven was no h o t t e r  than  u s u a l ,  but th e  m e l t in g  p o in t  
o f  t h i s  e l e c t r e t  was a p p a r e n t ly  too  cLose to  70 d eg ree s .
About th e  onLy co n c lu s io n  one can draw from t h i s  f i g u r e  
i s  t h a t  aLL th e  s o l u t i o n  e L e c t r e t s  seemed to  have more 
f r o z e n - i n  charge  th an  C-2, but c o n s id e r in g  t h a t  th e  pure 
e L e c t r e t  C-L a l s o  d id ,  one cannot  a t t a c h  much s i g n i f i c a n c e  
to  t h i s  f a c t .  The major co n c lu s io n  to  be drawn i s  t h a t ,  
a l th o u g h  one e l e c t r e t * s  TDC may be reproduced q u i t e  s a t i s ­
f a c t o r i l y  L a te r  under s i m i l a r  c o n d i t i o n s ,  th e  TDC o f  two 
d i f f e r e n t  e L e c t r e t s  a r e  g e n e r a l l y  d i f f e r e n t ,  r e g a r d l e s s  of 
t h e i r  s i m i l a r i t y  of com p os i t io n .
The c rack  e f f e c t . E l e c t r e t  C-A was unique due to  an 
a c c id e n t  d u r in g  i t s  p r e p a r a t i o n .  During s u r f a c e  p o l i s h in g
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(•hewn In F igure 33) were n o t  observed  f o r  a s u f f i c i e n t  
t in e  to  make in te g r a t io n  by w eigh ing  p o s s i b l e .  I t  i s  
apparent, however, t h a t  “T* f o r  s t o r a g e  o f  s h o r t e d  C- 2  i s  
much Longer, and i t  i s  e s t im a te d  a t  16 days .
l i e c t r e t a  w ith  added s o l u t e s . F ig u re  35 shows TDC 
fo r  th e s o lu t io n  e l e c t r e t s .  The cu rv es  a r e  l a b e l e d  by t h e i r  
•L e c tr e t  code numbers. They were a l l  formed and measured 
under a le iL a r  c i r c u m s ta n c e s .  A-L8 CL) and A-18C2) d id  no t  
agree w e ll  w ith  each o t h e r .  AL-L8 (L) and AL-L8C2) a l s o  d id  
n ot a g ree . The d a ta  on AL-L8(2) a r e  e r r a t i c  because  t h e  
su r fa ce  o f  th e  e L e c t r e t  was m e l t in g  a t  abou t  t  * hour.
The oven waa no h o t t e r  than  u s u a l ,  but  th e  meLting p o in t  
o f  t h i s  eL e c tr e t  was a p p a r e n t l y  too  c l o s e  t o  70 d e g re e s .
About th e o n ly  c o n c lu s io n  one can draw from t h i s  f i g u r e  
i s  th a t a l l  th e  s o l u t i o n  e l e c t r e t s  seemed to  have more 
fr o s e n - in  charge th an  C-2 ,  bu t  c o n s i d e r in g  t h a t  t h e  pure  
•L e c tr e t  C-L a l s o  d id ,  one canno t  a t t a c h  much s i g n i f i c a n c e  
to  t h i s  f a c t .  The major c o n c lu s io n  t o  be drawn i s  t h a t ,  
although one e L e c t r e t ' s  TDC may be reproduced  q u i t e  s a t i s ­
f a c t o r i ly  Later under  s i m i l a r  c o n d i t i o n s ,  t h e  TDC o f  two 
d if f e r e n t  e L e c tr e ts  a r e  g e n e r a l l y  d i f f e r e n t ,  r e g a r d l e s s  of 
th e ir  s im i la r i t y  o f  co m p o s i t io n .
The crack e f f e c t . ELectret C-4 was unique due to  an
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i t  c racked  due to  th e rm a l  s t r e s s e s .  The c ra c k  r a n  a c ro s s  
th e  e L e c t r e t  d ia m e te r  bu t  n o t  v e r t i c a l l y  th ro ug h  i t , a t  an 
an g le  o f  p e rhap s  60 d e g r e e s .  C-U was pa tched  t o g e t h e r  and 
used .  The p i e c e s  f i t  t o g e t h e r  w e l l ,  and th e  s u r f a c e s  were 
p o l i s h e d  i n  such s way t h a t  th e  s u r f a c e  meLt would hold th e  
e L e c t r e t  t o g e t h e r .  A f t e r  t h e  p o l i s h i n g  i t  had th e  outward 
appearance  o f  a normal e L e c t r e t .  I t  was co a ted  and p o l a r ­
ized  n o rm a l ly .
The s u r f a c e  cha rge  i n c r e a s e  o f  C-U was normal and i s  
shown i n  F ig u re  36. A f t e r  s u r f a c e  charge  r e a d in g s  were 
t s k e n  i t  was connected  to  t h e  e L e c t ro m e te r  f o r  TDC. I t  
gave a ve ry  Large peak o f  c u r r e n t  which decayed more s low ly  
th a n  th e  usuaL f a s t  CTP c u r r e n t .  In  f a c t  i t  seemed i t  
w o u ld n ' t  be re ad y  f o r  t h e  TDC run  t h a t  a f t e r n o o n .  The 
e L e c t r e t  C-U s t i l l  read  +300 mv. a t  th e  u s u a l  t ime f o r  TDC 
to  b e g in ,  and i t  was wrapped in  aluminum f o i l  and s to r e d  
i n  th e  d e s i c c a t o r .  The n ex t  day t h i s  e L e c t r e t  was connected  
i n t o  t h e  a p p a r a tu s  and TDC was begun a t  th e  u s u a l  t im e ,  o r  
r a t h e r  2 U hours a f t e r  th e  u s u a l  t im e .  The d i s c h a r g e  c u r ­
r e n t  from t h i s  e L e c t r e t  was many t im es  L arger  th a n  t h a t  of 
any p re v io u s  e L e c t r e t .  The r e L a t i v e  TDC's a r e  shown i n  
F ig u re  37. N o t ic e  th e  Larger  v a lu e s  o f  v o l t a g e  th a n  u su a l  
on t h e  o r d i n a t e  o f  th iB  g ra p h .  The peak r e a d in g  o f  C-k i s  
f i v e  t im es  t h a t  o f  C-2;  th e  a rea  under t h e  cu rv es  i s  about  
in  a r a t i o  o f  3 .7  to  L, p e rhap s  U t o  L i f  e x t r a p o l a t e d  to
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zero  c u r r e n t .
F ig u re  38 shows a n o th e r  TDC from t h i s  e L e c t r e t t C-**, 
which was taken  n in e  months l a t e r .  I t  i s  no t  q u i t e  as  
Large, but i t  i s  s t iLL  s i g n i f i c a n t l y  Larger than  normaL 
TDC's. The Large f r o z e n - i n  p o l a r i z a t i o n  could  be a t t r i b ­
u ted only  t o  the  c rack  buiLt i n t o  t h i s  e l e c t r e t - - t h u a  th e  
te rm ino logy  " c ra c k  e f f e c t , "  w ith  which F ig u re  37 i s  t i t L e d .  
This  w r i t e r  f e e l s  t h a t  th e  d i sc o v e ry  of t h e  c rack  e f f e c t  
i s  a s i g n i f i c a n t  one f o r  e L e c t r e t  h e te ro c h a rg e  th e o ry .  I t  
i s  u n f o r tu n a te  t h a t  a t  t h i s  w r i t i n g  i t  i s  n o t  s u b s t a n t i a t e d  
by more d a ta  than  th o se  in  F ig u re s  37 and 38.
S e v e ra l  u n su c c e s s fu l  a t t e m p ts  were made to  m anufacture  
o th e r  cracked  eLectre*-a. In one a t tem p t  a Laminated e l e c -  
t r e t ,  C-5, was made by making two p o l i s h e d  d i s c s  o f  c a m a u b s  
wax o f  about O.A cm. t h i c k n e s s .  These were "gLued" to g e t h e r  
by Light meLting o f  one s u r f a c e  and s t i c k i n g  them t o g e t h e r .  
This C-5, s s  has been a p p a ren t  e a r l i e r  in  th e  d a ta  p re s e n ­
t a t i o n ,  was a r a t h e r  normal e L e c t r e t .  I t s  peak e l e c t r o m e t e r  
r e a d in g  d u r in g  TDC was *530 m v., a v e ry  normal v a lu e .  V a r i ­
ous a t te m p ts  were made t o  c rack  e l e c t r e t s  L o n g i tu d in a l ly ,  
t h a t  i s ,  in  a p lan e  p a r a l l e l  to  t h e i r  s u r f a c e s .  Such d i s c s  
s h a t t e r e d  i n t o  many p i e c e s .  S e v e ra l  o t h e r  t e c h n iq u e s  f o r  
c r a c k in g  e l e c t r e t s  remain u n t r i e d .  These a r e  inc lu ded  in  
the  n e x t  c h a p te r ,  but ex p e r ie n c e  has shown t h a t  th e  c l o s e l y  
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Figure 38, TDC of ThermsL and Isotherm al E le c tr e t s
1A5
TDC from CTP„ C o ns tan t  t e m p e ra tu r e  p o l a r i z a t i o n  can 
produce some f r o z e n - i n  ch a rg e .  Th is  i s  i l l u s t r a t e d  in  
F ig u re  38. Curve A r e s u l t s  from e l e c t r e t  C - l  formed t h e r ­
m a l ly ,  and A' r e p r e s e n t s  d a ta  from t h i s  e l e c t r e t  a f t e r  i t  
was exposed to  th e  f i e l d  f o r  L2 hours  i s o t h e r m a l l y .  Curve 
B comes from C-2 formed th e r m a l ly ,  and B' r e s u l t e d  when 
t h i s  e l e c t r e t  was formed i s o t h e r m a l l y  f o r  Ll„5 h o u rs .
Curve C i s  from th e  c racked  e l e c t r e t ,  C-*t, formed therm alLy ,  
and C* i s  from t h i s  e l e c t r e t  a f t e r  iso therm sL  exposu re  f o r  
*+8 hours  :o th e  high v o l t a g e .  I t  must be remembered t h a t  
t h e  normaL th e rm a l  program in c l u d e s  about  e i g h t  hours  of 
i s o th e r m a l  ex p o su re .  The r e s u l t s  show t h a t  i s o th e rm a l  
ex po su re  can produce  e l e c t r e t s .  I t  would be i n t e r e s t i n g  
to  know i f  t h e  p o L a r i z a t io n  r e p r e s e n t e d  by th e  primed cu rv es  
in  F ig u re  38 would decay a t  th e  same o r  a f a s t e r  r a t e  as  
t h a t  in  t h e  unprimed c u r v e s .  Data have n o t  y e t  been ob­
t a i n e d  on t h i s  probLem.
E. NMR Experiment
An ex pe r im en t  was performed to  de te rm in e  i f  th e  n u c l e a r  
m agnetic  re so nance  spectrum  of  ca rnauba wax was in  any way 
a f f e c t e d  by th e  p o L a r i z a t i o n  p r o c e s s .  I t  was expec ted  t h a t  
t h e  wax wouLd have a broad p ro to n  r e so n a n c e ,  a l th o u g h  no 
L i t e r a t u r e  r e s e a r c h  was done on t h i s  p o i n t .
An a f t e r n o o n  was a s s ig n e d  f o r  th e  use  of the  V ar ian  
n . m . r .  equ ipm ent,  and so two samples were p re p a re d .  This
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was done by s e l e c t i n g  s o f t  g l a s s  tu b in g  th e  d ia m e te r  o f  
th e  n . m . r ,  sample t u b e s . The g l a s s  tu b in g  was i n s e r t e d  
i n t o  m olten  carnauba wax which was th en  a l lowed to  coo l  
w ith  th e  g l a s s  tu b in g  s t i l l  i n  th e  p o t .  When th e  wax had 
hardened th e  g l a s s  tu b es  were removed and th e  c y l i n d r i c a l  
wax p i e c e s  in  t h e i r  i n t e r i o r  c a r e f u l l y  removed. Two c y l ­
i n d e r s  of wax 6  cm. long  and having  a d ia m e te r  o f  2 mm. were 
s e l e c t e d  so as  to  be f r e e  o f  a i r  bubb les  in  th e  wax.
One c f  th e s e  samples was p laced  in  a s e c t i o n  o f  tu b in g  
p r e v io u s l y  s ea le d  a t  th e  bottom to  form an u n p o la r iz e d  
sample.  The o t h e r  sample was i n s e r t e d  i n t o  a g l a s s  tu b e  
14 cm. long  and f i t t e d  w i th  e l e c t r o d e s  a t  each end made of 
No. 12 s o l i d  copper  w i re .  The w ire s  were taped in  p la c e  
w i th  e l e c t r i c a l  t a p e .  Both samples were p laced  i n  th e  oven 
to  be t r e a t e d  t h e r m a l ly .  The sample w i th  copper  e l e c t r o d e s  
was s u b je c t e d  d u r in g  th e  c y c le  t o  1 0 , 0 0 0  v o l t s  d . c .  from 
a Dumont type  2 6 3 -B power su p p ly .
The fo l lo w in g  day t h e  p o l a r i z e d  sample was p laced  in  
a tu b e  s i m i l a r  to  th e  u n p o la r i z e d  one. Both were used as 
samples in  th e  V ar ian  n . m . r .  equipm ent .  N e i t h e r  the  
p o l a r i z e d  no r  th e  u n p o la r iz e d  sample showed any re sonance  
over  t h e  e n t i r e  range o f  t h e  m agnetic  f i e l d  a v a i l a b l e  to  
th e  in s t r u m e n t .  The s e a r c h  f o r  th e  re son an ce  was conducted 
both  w i th  and w i th o u t  t h e  sample s p in n in g .
U»7
The absence  of a re sonance  i s  p u z z l in g .  L iq u id s  g ive  
good p ro to n  re sonance  peaks ,  as i s  w e l l  known, and i t  wouLd 
seem t h a t  an amorphous s o l i d  would be s i m i l a r .  Perhaps 
t h e r e  i s  too much c r y s t a l l i n e  c h a r a c t e r  to  carnauba wax 
and th e  peak i s  broadened to  i n v i s i b i l i t y .
In  th e  l i g h t  of C h a t t e r j e e ' s  and S u t r a d h e r ' s  r e p o r t
g
of  paramagnetism in  carnauba wax e L e c t r e t s ,  th e  e l e c t r o n  
s p in  resonance  experim ent  would seem to  be a l o g i c a l  nex t  
s t e p .
fl
S. D. C h a t t e r j e e  and J .  G. S u t r a d h a r ,  Die 
W a tu rw issen sch a f ten ,  XLII (1955) ,  366
CHAPTER VI
SUMMARY AND CONCLUSIONS
A. D is c u s s io n  o f  R e s u l t s
The d a ta  r e p o r t e d  in  th e  p r e c e d in g  c h a p te r  p ro v id e  th e  
fo l l o w in g  f a c t s :
1. P o l a r i z a t i o n  does n o t  s i g n i f i c a n t l y  change th e  
d i e l e c t r i c  c o n s t a n t  o f  ca rnauba  wax.
2 .  The r e l a x a t i o n  t im e of  th e  m o lecu les  in  ca rnauba 
wax i s  g r e a t e r  th a n  1 0   ̂ s e co nd s .
3. Exposure of ca rnauba  wax t o  e l e c t r i c  f i e l d s  of 
L-2 KV/cm. c a u s e s  a s lo w ly  d ecay in g  p o l a r i z a t i o n  ( t h e  CTP). 
T h is  p o l a r i z a t i o n  can be caused  i n  a s h o r t e r  t ime th an  i s  
r e q u i r e d  f o r  i t s  decay.
**. The s u r f a c e  cha rg e  o f  uncoa ted  e l e c t r e t s  e x h i b i t s  
a r a p id  decay  superim posed upon a s low decay .  The r a p id  
decay ap p e a rs  a g a in ,  i n  p a r t ,  a f t e r  s t o r a g e  w h i le  s h o r t e d .
5. I s o th e r m a l  p o l a r i z a t i o n  p roduces  s u r f a c e  ch a rg e s  
t h a t  a r e  v e ry  s i m i l a r  t o  th o s e  o f  th e rm a l  e l e c t r e t s ,  ex cep t  
t h a t  pe rhaps  th e y  have a more r a p id  long  t im e  c o n s t a n t  decay.
6 . The s u r f a c e  ch a rg e s  on s o l u t i o n  e l e c t r e t s  a r e  
u s u a l l y  s l i g h t l y  s m a l l e r  i n  m agnitude th a n  th o s e  shown by
U 8
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t h e  carnauba wax e l e c t r e t s , but  th e  decay scheme seems very  
s im iL a r .
7. S u r fa c e  ch a rg es  a r e  measured t o  be from 10“ ^ to
- 8  2 LO coulombs/cm .
8 . C oa ted  e L e c t r e t s  e x h i b i t  s u r f a c e  homocharges. I f  
t h e s e  e l e c t r e t s  a r e  n e v e r  s h o r t e d  t h e s e  ch a rg es  a r e  c o n s t a n t  
o r  d e c re a s e  w i th  t im e .  I f  th e  e L e c t r e t s  a r e  s h o r t e d  th e  
charge  b u i ld s  up to  a c o n s t a n t  v a lu e  and rem ains  c o n s t a n t  
u n t i l  th e  e l e c t r e t  i s  s h o r t e d  a g a in .
9. Coated e l e c t r e t s  which have nev e r  been s h o r t e d  
show th e  s h o r t  t ime c o n s t a n t  r i s e  in  cha rge  when th e y  a r e  
m om entar i ly  s h o r t e d ,  whereas co a ted  e l e c t r e t s  which have 
been s to r e d  w h i le  s h o r t e d  no lo n g e r  e x h i b i t  t h i s  s h o r t  t ime 
c o n s ta n t  r i s e  upon u n s h o r t i n g .
10. Coated s o l u t i o n  e l e c t r e t s  show a ch a rg e  r i s e  s im i ­
l a r  to  t h a t  shown by carnauba wax e l e c t r e t s .  For  bo th  
ty p es  o f  e l e c t r e t s  th e  s h o r t  t ime c o n s t a n t  r i s e  i s  s i m i l a r  
to  th e  s h o r t  t ime c o n s t a n t  decay of  uncoated  e l e c t r e t s .
11. Non-therm al e l e c t r e t s  e x h i b i t  a s i m i l a r  s h o r t  t ime 
c o n s t a n t  r i s e ,  which i s  pe rh ap s  s l i g h t l y  more r a p id  in  
c h a r a c t e r .
12. Uncoated e l e c t r e t s  g ive  no th e rm a l  d i s c h a r g e  c u r v e s ,
u n l e s s  th ey  a r e  coa ted  a f t e r  f o rm a t io n .  Coated e l e c t r e t s
g iv e  th e rm a l  d i s c h a r g e  cu rv es  c o r re s p o n d in g  to  a f r o z e n - i n  
- 8  -9
ch a rg e  o f  10 to  10 coulombs. A s h o r t  t im e c o n s t a n t
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p o L a r iz a t io n  must decay b e fo re  therm al d i s c h a rg e  cu rves  
a re  run .
L3. Thermal d i s c h a rg e  cu rves  a r e  r e p ro d u c ib le  on ly  
on th e  same e l e c t r e t .  O ther  e l e c t r e t s  o f  th e  same compo­
s i t i o n  g iv e  s i g n i f i c s n t L y  d i f f e r e n t  r e s u L ts .
14. SoLution e l e c t r e t s  show f r o z e n - i n  cha rges  o f  the  
same o rd e r  o f  magnitude as th o s e  of pure carnauba wax. In 
a few c a se s  t h e  f r o z e n - i n  charge  seems L arger ,  but th e  da ta  
a r e  i n s u f f i c i e n t  f o r  r e a c h in g  any d e f i n i t e  co n c lu s io n  on 
t h i s  p o i n t .
15. The f r o z e n - i n  p o l a r i z a t i o n  of a s t o r e d  carnauba 
wax e l e c t r e t  decayed a t  a s low er r a t e  than  t h a t  of an e l e c -  
t r e t  c o n ta in in g  a c id .
16. The TDC o f  e L e c t r e t s  s to re d  s h o r t - c i r c u i t e d  d i f f e r s  
from th e  TDC of  e l e c t r e t s  r e c e n t l y  p o l a r i z e d  i n  t h a t  th e  
c u r r e n t  r i s e  beg ins  L a te r .  Th is  d i s p l a c e s  th e  TDC of  s to re d  
e l e c t r e t s  a s  much as t e n  m inutes  to  th e  r i g h t  o f  recen tL y  
p o la r i z e d  e l e c t r e t s .
17. I s o th e rm a l  exposure  can cause f r o z e n - i n  p o l a r i ­
z a t i o n ,  bu t  t h e  e x t e n t  i s  much s m a l le r  th an  t h a t  r e s u l t i n g  
from th e  therm al  t r e a tm e n t .
18. A cracked e L e c t r e t  e x h ib i t e d  s im iL ar  s u r f a c e  
charge  b eh a v io r  to  t h a t  o f  normal e l e c t r e t s ,  but i t  showed 
a s i g n i f i c a n t l y  g r e a t e r  f r o z e n - i n  p o L a r iz a t io n .
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These r e s u l t s ,  s lo ng  w i th  th e  p re v io u s ly  r e p o r te d  p r o p e r t i e s  
o f  e l e c t r e t s ,  should  a l l  be ex p la ined  by a p roper  mechanis­
t i c  th e o ry  of th e  h e te ro c h s rg e .  Such a th e o ry  has been 
e v o lv in g  s lowly  s in c e  th e  d is co v e ry  of e l e c t r e t s  f o r t y - f i v e  
y ea rs  ago.
The d is c o v e ry  o f  th e  c rack  e f f e c t  has provided one 
more im po r tan t  c lu e  to  a r e a l i s t i c  cho ice  of mechanism from 
the  m u l t i tu d e  a v a i l a b l e .  The r e s u l t  i s  t h a t  t h e r e  can now 
be proposed a new th eo ry  which i s  a na tureL  cu lm in a t io n  of 
e x i s t i n g  t h e o r i e s  and aLso e x p la in s  the  c rack  e f f e c t .  In  
the  n e x t  s e c t i o n  t h i s  th eo ry  w i l l  be pu t  f o r t h  in  some 
d e t a i l ,  u s in g  the  d a ta  of Chapter  V as  an example o f  how 
i t  can be a p p l i e d .  Of cou rse  th e  th eo ry  was induced from 
th e s e  d a ta  and can on ly  be t e s t e d  by t e s t i n g  the  v a l i d i t y  
of i t s  d e d u c t io n s .  Some p ro p o s a ls  as to  how t h i s  might be 
done a r e  p re se n te d  in  a s e c t i o n  t h a t  fo l lo w s  the  th e o ry .
B. A Theory Proposed
The l a rg e  i n t e r n a l  p o l a r i z a t i o n  of the  cracked e l e c t r e t  
s u g g e s t s  t h a t  a w e l L - f i t t e d  c rack  can a c t  as a b a r r i e r  to  
th e  passage  o f  ions  a t  low tem p e ra tu re s  but no t  a t  h ig h e r  
t e m p e ra tu r e s .  In o t h e r  words, th e  c rack  i s  a two-dimen­
s i o n a l  p o t e n t i a l  b a r r i e r  to  th e  passage  o f  ions  in  th e  wax. 
I t  i s  n o t  an i n f i n i t e  b a r r i e r  because room tem pera tu re  
exposure  of the  cracked e l e c t r e t  cau ses  a p a r t i a l  ap p e a r ­
ance of th e  c ra c k  e f f e c t .
When th e  c racked  e L e c t r e t  was hea ted  in  th e  f i e l d  ions  
m ig ra ted  a c ro s s  th e  b a r r i e r ,  h e t e r o c h a rg in g  th e  e l e c t r e t .  
When th e  e l e c t r e t  was coo led  i n  t h e  f i e l d  t h e r e  was a cha rge  
s e p a r a t i o n  a c r o s s  th e  c r a c k  which c o n s t i t u t e d  a f r o z e n - i n  
p o L a r i z a t i o n .  When th e  f i e l d  was removed and th e  e L e c t r e t  
was s h o r t e d ,  t h i s  f ieL d  caused induced ch a rg e s  on t h e  con­
d u c t in g  c o a t i n g s  o f  o p p o s i t e  s i g n .  When th e  e L e c t r e t  was 
r e h e a te d  so t h a t  ions  cou ld  move a c ro s s  th e  p o t e n t i a l  b a r ­
r i e r  o f  th e  c r a c k ,  th e  induced cha rg e  on th e  co n d u c t in g  
c o a t s  was L ib e ra te d  and fLowed th rou g h  th e  e L e c t ro m e te r  
c i r c u i t ,  c a u s in g  th e  Large th e rm a l  d i s c h a r g e  c u r r e n t .  Ac­
c o r d in g  to  t h i s  th e o ry  onLy th e  h o r i z o n t a l  component of 
th e  c ra c k  c o n t r i b u t e d  to  th e  p o L a r i z a t i o n .  I f  such an ion  
b a r r i e r  could  be in t ro d u c e d  h o r i z o n t a l l y  a c ro s s  th e  e n t i r e  
e l e c t r e t ,  what an e x t r a o r d i n a r y  e L e c t r e t  might re su L t!
The id ea  o f  a p o t e n t i a l  b a r r i e r  to  th e  p assag e  o f  ions  
seemed to  be th e  key to  th e  t rou b le so m e  q u e s t i o n  o f  how th e  
h e t e r o c h a rg e  and th e  a d m i t t e d l y  io n i c  homocharge couLd 
e x i s t  i n  th e  same r e g io n  o f  t h e  e L e c t r e t  w i th o u t  n e u t r a l ­
i z i n g  one a n o th e r .  One o n ly  has to  suppose t h a t  a s i m i l a r  
p o t e n t i a l  b a r r i e r  to  th e  p assag e  o f  ions  m ight e x i s t  a t  
th e  b o u n d a r ie s  o f  th e  c r y s t a l l i t e s ,  o r  domains, in  th e  c a r ­
nauba wax. P o l a r  waxes such as  ca rnauba  wax p o s s e s s  such 
c r y s t a L L i t e s ,  m i c r o c r y s t a I s , domains, o r  w hatever  one wishes  
to  caLL them, d i s t r i b u t e d  th ro u g h o u t  t h e  wax. These
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c r y s t a l l i t e s  a re  r e g io n s  of c r y s t a l l i n e  s o l i d i t y  in  a sea 
o f  amorphous but v i s c o u s  f l u i d i t y .  N a k a ta 's ^  m icrophoto-  
graphs a c t u a l l y  show th e s e  c r y s t a l l i t e s ,  a t  l e a s t  th e  Larger 
ones ,  and show them o r i e n t e d  by th e  f ie L d .
The amorphous b in d e r  which holds a l l  th e  c r y s t a l l i t e s  
t o g e t h e r  c e r t s in L y  must have d i f f e r e n t  p h y s i c a l  p r o p e r t i e s  
than  th o s e  o f  th e  c r y s t a L L i t e s .  I t  does n o t  seem u n reaso n ­
a b le  t o  p o s t u l a t e  a p o t e n t i a l  b a r r i e r  a t  the  i n t e r f a c e  of 
t h e  c r y s t a L L i t e  and th e  amorphous r e g io n ,  a b a r r i e r  to  the  
p assag e  o f  io n s  o r  p o l a r  m olecules  a t  room tem p e ra tu re .
Th is  i s  e q u i v a l e n t  to  s a y in g  t h a t  more energy  i s  r e q u i r e d  
f o r  an ion o r  poLar m olecule  to  Leave o r  e n t e r  th e  c r y s ­
t a L L i t e ,  th an  to  move in  the  amorphous b in d e r  a t  room tem­
p e r a t u r e .  A nother  way t o  pu t  i t  would be to  s t a t e  t h a t  
th e  r a t e  o f  exchange o f  ions  and molecuLes between th e  
c r y s t a l l i n e  and n o n i - c r y s t a l l i n e  r e g io n s  i s  low a t  room 
te m p e ra tu re .
I t  i s  a p p a re n t  thfft  on t h e  b a s i s  o f  auch assum ptions  
one can p i c t u r e  ions  becoming t rapp ed  in  th e  c r y s t a L L i t e s  
i n  th e  same way t h a t  they  a r e  t rap p ed  in  th e  c racked  eLec- 
t r e t .  When cooled  in  th e  f i e l d ,  th en ,  t h e  c r y s t a L L i t e s  
might have a n e t  ch a rg e ,  o r  they  might be n e u t r a l  and 
d ipoL ar .  I f  d ipoLar  th ey  might w e l l  o r i e n t  in  th e  f ieLd
^K. N aka ta ,  P roc .  Phys. Math. Soc. Japan ,  IX 
( 1927 ) ,  1 7 9 .
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d u r in g  t h e  c o o l in g  p r o c e s s , and t h e  f r o z e n - i n  ch a rg e  would 
c o n s i s t  o f  e i t h e r  ( 1 ) i o n i c  space  ch a rg es  locked i n t o  th e  
domains o r  ( 2 ) d i p o l a r  domains which cou ld  d i s o r i e n t  on ly  
s lo w ly  o r  exchange io n s  w i th  t h e  amorphous r e g io n  o n ly  
s lo w ly  a t  room te m p e ra tu r e .
Both t h e  m o b i l i t y  o f  io n s  and r e l a x a t i o n  t ime o f  d i ­
p o l a r  m o lecu le s  would be e n t i r e l y  d i f f e r e n t  i n  th e  amorphous 
r e g io n  th a n  i n  th e  domains. Ion m o b i l i t y  in  th e  domains 
would be p r a c t i c a l l y  n o n e x i s t e n t ,  whereas i n  th e  amorphous 
r e g io n  i t  would be f i n i t e .  At room te m p e ra tu re  p o l a r  c r y s ­
t a l l i t e s  would have a v e ry  l a r g e  r e l a x a t i o n  t im e ,  whereas 
t h e  m o lecu le s  in  th e  amorphous r e g io n  would have r e l a t i v e l y  
s h o r t  r e l a x a t i o n  t im e s .  T h i s  s u g g e s t s  an e x p l a n a t i o n  o f  
t h e  long  and s h o r t  t im e  c o n s t a n t  decay schemes e x h i b i t e d  
by th e  e l e c t r e t s .
I n  te rm s  o f  th e  e x p e r im e n ts  r e p o r t e d  h e re  t h i s  means 
t h a t  t h e  CTP i s  s c h a r a c t e r i s t i c  o f  th e  amorphous r e g io n ,  
whereas  t h e  f r o z e n - i n  p o l a r i z a t i o n  i s  c h a r a c t e r i s t i c  o f  th e  
domains and t h e i r  a s s o c i a t e d  p o t e n t i a l  b a r r i e r .
At t h i s  p o i n t  i n  th e  t h e o r y  two c h o ic e s  must be made.
I s  t h e  domain h e t e r o c h a r g e  due t o  domains w i th  a n e t  c h a rg e ,  
and th u s  a l o c k e d - in  io n  space  c h a rg e ,  o r  i s  i t  due to  d i ­
p o l a r  domains? A lso ,  what i s  t h e  mechanism o f  th e  CTP in  
t h e  amorphous r e g io n ,  i o n i c  o r  d i p o l a r ?
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The f i r s t  o f  t h e s e  c h o ic e s  i s  t h e  e s s i e r .  N a k a t a ' s  
m ic ro p h o to g rap h s ,  X -ray  s t u d i e s ,  t h e  n o i s e  o f  decay ing  
e l e c t r e t s ,  and th e  l a r g e  bu t  f i n i t e  decay t im e o f  th e  
f r o z e n - i n  c h a rg e  seem t o  p o i n t  to  t h e  d i p o l a r  domain id e a .  
I f  r o t a t i o n  i s  s t i l l  p o s s i b l e  a t  t e m p e ra tu re s  where t h e  
io n s  c e a s e  c r o s s i n g  th e  b a r r i e r  i n t o  th e  domains th en  the  
d i p o l a r  domain th e o ry  i s  c e r t a i n l y  p l a u s i b l e .  In  f a c t  i t  
cou ld  c o e x i s t  w i th  s  n e t  charged  domain t h e o r y .  The perm­
anence and c h a r a c t e r i s t i c s  o f  th e  homocharge a r e  r e a d i l y  
accoun ted  f o r  on th e  assum ption  t h a t  t h e  i n j e c t e d  ch a rg e  
becomes f r o z e n  i n t o  t h e  domains. Thus t h e  homocharge can 
c o e x i s t  w i th  t h e  io n s  o f  t h e  amorphous m a t r ix  and n o t  be 
n e u t r a l i z e d .
The second q u e s t i o n  as  to  t h e  n a t u r e  o f  th e  p o l a r i z a ­
t i o n  i n  t h e  amorphous r e g io n  i s  more d i f f i c u l t .  E i t h e r  
i o n i c  space  c h a rg e s  o r  d i p o l a r  o r i e n t a t i o n s  a r e  p o s s i b l e  
and pe rh ap s  have th e  c o r r e c t  l i f e t i m e .  The d a t a  p re s e n te d  
h e re  show t h a t ,  a l th o u g h  t h e  CTP decay  i s  n o t  e x p o n e n t i a l ,  
an app rox im ate  t im e c o n s t a n t  o f  **0 m inu tes  can be a s s ig n e d .
Swann and Gubkin t a k e  a s  t h e  s p e c i f i c  conduc tance  o f  c a r -  
-18 - I  -L
nauba wax 10 ohm cm . U sing  t h i s  f o r  a d i s c  e l e c t r e t  
g iv e s  RC ■ 2 x 10^ sec o n d s .  T h is  i s  55 h o u rs ,  o r  2 . 3  days .  
U n less  t h e  v a l u e  f o r  s p e c i f i c  c o n d u c t i v i t y  i s  v a ry  wrong 
an ohmic mechanism f o r  th e  CTP i s  n o t  i n d i c a t e d .
A d i p o l e  o r i e n t a t i o n  mechanism i s  f e a s i b l e  to  accoun t
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f o r  th e  CTP, s in c e  th e  r e l a x a t i o n  t imes a r e  com ple te ly
2
unknown. In  f a c e  a d i s t r i b u t i o n  of  r e l a x a t i o n  t im es would 
be expected  in  such a medium, and t h i s  would account  f o r  
th e  f a c t  t h a t  a s im ple  e x p o n e n t i a l  f u n c t i o n  does n o t  f i t  
th e  decay scheme. In  th e  experim ent  in  which a coa ted  e l e c ­
t r e t  had i t s  conduc ting  co a t  sc raped  o f f  and was then  p o l a r ­
ized  uncoa ted ,  th e  CTP seemed much l e s s  than  u s u a l ,  in  f a c t  
a lm ost  a b s e n t .  This  su g g e s t s  t h a t  th e  d ipoLar o r i e n t a t i o n  
r e s p o n s ib l e  f o r  th e  CTP ta k e s  pLace m ainly  n ea r  th e  s u r f a c e s  
and perhaps  i s  no t  a t r u e  volume p o L a r iz a t io n .  On th e  o th e r  
hand, G ross '  machined e l e c t r e t s  showed a CTP s i m i l a r  to  
th e  normal s u r f a c e  p o l i s h e d  ones in  t h i s  work, so th e  p r e ­
ced ing  in f e r e n c e  may n o t  be v a l i d .
In  o rd e r  to  c L a r i f y  f u r t h e r  th e  ideas  which fo l lo w  
from th e  th e o ry  above, th e  e ig h te e n  phenomena L is ted  in  
th e  ' ’d i s c u s s i o n  o f  r e s u l t s ” wiLL be ex p la in ed  one a t  a t im e .  
In  doing so th e  term CTP or  CTP decay w i l l  be used to  r e f e r  
to  th e  s h o r t  t ime c o n s ta n t  p o L a r iz a t io n  o r  i t s  decay, s in c e  
i t  i s  obvious t h a t  t h i s  p o L a r iz a t io n  does no t  r e q u i r e  the  
h e a t in g  p r o c e s s .
2
C. J .  F. B o t tc h e r ,  Theory o f  E l e c t r i c  P o l a r i s a t i o n  
(Amsterdam: ELsevier  P u b l i s h in g  Company, 1952), p. 366.
3
B. G ross ,  J .  Chem. P h y s . .  XVII (L949), 869,
F igu re  4a .  ~
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1. F ree  e l e c t r o n s ,  o r  e l e c t r o n s  in  “ t r a p s , "  a r e  no t  
invo lved  in  th e  th e o ry .  The d i e l e c t r i c  c o n s t a n t  as  d e t e r ­
mined a t  I  Kc. o r  s i m i l a r  aud io  f r e q u e n c i e s  i s  t h a t  o f  th e  
amorphous b in d e r ,  and i t  i s  no t  a p p r e c i a b l y  a f f e c t e d  by 
th e  domain p o l a r i z a t i o n .  I t  should  be p o in te d  ou t  t h a t  the  
d i e l e c t r i c  c o n s t a n t  exper im en t  r e p o r t e d  in  t h i s  work d i f ­
f e r e d  in  one way from t h a t  of C h a t t e r j e e ’ s and B hadra’ s 
e x p e r im e n t .  Th is  wax was p o l a r i z e d  w i th o u t  m e l t in g ;  t h e i r ' s  
was p o l a r i z e d  from th e  m e l t .  T h is  may acco un t  f o r  th e  
r e s u l t  t h a t  c o n t r a d i c t s  t h a t  of t h e  I n d i a n s .  P o l a r i z a t i o n  
from th e  m e l t  was n o t  a t tem p ted  h e re  because o f  th e  danger  
o f  a r c i n g  a c r o s s  t h e  sm a l l  gaps o f  t h e  condense r  which 
would cause  c o n d i t i o n s  u n l i k e  t h a t  o f  normal p o l a r i z a t i o n .
The th e o r y  proposed here  would no t  p r e d i c t  any p a r a ­
magnetism, and th e  m agnetic  d a ta  now need to  be determ ined  
by ESR to  d e c id e  t h i s  p o i n t .
2 .  The CTP mechanism r e s t s  on th e  assum ption  t h a t  
r e l a x a t i o n  t im es  f o r  m o lecu les  in  th e  amorphous b in d e r  can 
be as  g r e a t  as  **0 m in u te s ,  and t h a t  t h e r e  i s  a d i s p e r s i o n  
o f  decay t im es  due to  l o c a l  f i e l d  in h o m o g en e i t ie s  th rou gh -
L
o u t  th e  wax. Gerson and Rohrbaugh a r e  o f  t h e  o p in io n  
t h a t  such a t im e c o n s t a n t  f o r  m olecu les  in  ca rnauba wax i s  
too  h ig h .
uGerson and Rohrbaugh, £2 * c i t . ,  p. 2387.
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3. The CTP i s  th ou gh t  t o  be p o L a r i z a t io n  o f  t h e  mole- 
c u l e s  o f  th e  amorphous phase  of  th e  wax. I t  can be c r e a t e d  
f a s t e r  th an  i t s  decay r a t e  because  d u r in g  a p p l i c a t i o n  of  
t h e  f ieL d  th e  r a t e  o f  p o L a r i z a t i o n  i s  Large due to  th e  Large 
f i e l d  w i t h i n  th e  e l e c t r e t .  However, due to  th e  ab sence  of  
f ieL d  when a co a ted  e l e c t r e t  i s  s h o r t - c i r c u i t e d ,  t h i s  poLar­
i z a t i o n  decays  more s lo w ly  than  th e  t im e r e q u i r e d  f o r  i t s  
f o rm a t io n .  When th e  e L e c t r e t  i s  o p e n - c i r c u i t e d  t h i s  CTP 
decay  i s  more r a p i d ,  and t h i s  expLains  why i t  was so d i f f ­
i c u l t  to  g e t  s u r f a c e  cha rge  r e a d in g s  on uncoated  e l e c t r e t s  
d u r in g  t h e  f i r s t  two m in u te s .  Because o f  th e  r a p id  change 
in  CTP t h e  in s t ru m e n t  cou ld  ra re L y  be nuLLed u n t i l  two to  
t h r e e  m inu te s  a f t e r  h igh v o l t a g e  was removed.
k.  The r a p id  CTP decay i s  superimposed on th e  s lower 
decay p r o c e s s e s .  A f t e r  a p e r io d  o f  s t o r a g e  w h i le  s h o r te d  
th e  CTP ag a in  shows in  p a r t ,  because  d u r in g  t h e  s h o r t  th e  
s t r o n g  f i e l d  n e a r  t h e  e l e c t r e t  s u r f a c e s  ten d s  to  a l i g n  
m o lecu les  n e a r  th e  s u r f a c e ,  th e  d i s o r i e n t a t i o n  o f  which 
c a u s e s  t h e  r e a p p e s r a n c e  o f  t h e  CTP upon removing t h e  s h o r t .
5. I s o th e r m a l  p o L a r i z a t io n  i s  j u s t  as  e f f e c t i v e  in  
c a u s in g  t h e  p o L a r i z a t i o n  o f  t h e  amorphous phase  as  i s  hea t  
t r e a t m e n t .  In  f a c t  h e a t  t r e a tm e n t  p ro b a b ly  d i s o r i e n t s  much 
o f  th e  amorphous phase  p o L a r i z a t io n ,  and a t  h ig h e r  tem per­
a t u r e  t h e  CTP would tend  to  d i s a p p e a r .  In  e f f e c t  i t  shows
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a f t e r  hea t  t r e a tm e n t  on ly  because of th e  Low tem pera tu re  
exposure  a f t e r  th e  oven has cooLed.
6 . E l e c t r e t s  c o n ta in in g  th e  L8 -carbon  ch a in  a lc o h o l  
and ac id  should show a f a s t e r  CTP decay because th e s e  hydro­
carbon cha in s  a r e  somewhat s m a l l e r  than  those  t h a t  n a t u r a l l y  
occur  in  th e  wax. I t  i s  d i f f i c u l t  to  teLL from th e  e x p e r i ­
ments w ith  th e  uncoated s o l u t i o n  e l e c t r e t s  i f  t h i s  e x p e c ta ­
t i o n  i s  so o r  n o t .  Why th e s e  soLutes  would Lower th e  
s u r f a c e  charge  due to  th e  domains i s  n o t  a p p a re n t .  Perhaps 
t h e i r  p re se n ce  a f f e c t s  th e  h e ig h t  of th e  domain p o t e n t i a l  
b a r r i e r .
7. The s u r f a c e  cha rges  measured by th e  d i s t a n c e  v a r ­
i a t i o n  method seem high compared to  th e  i n t e g r a t e d  f r o z e n - i n  
cha rges  o b se rv e d , and they  a r e  h ig h e r  th an  those  s u r f a c e  
charges  r e p o r t e d  f o r  carnauba wax e l e c t r e t s  made a t  h igher  
v o l t a g e s .
However, t h e s e  a r e  n o t  u n reason ab le  v a lu es  o f  the
s u r f a c e  cha rg e .  Gross r e p o r t s  g r e a t e r  cha rges  in  a t  Least  
5
one p ape r .  O ther  workers may have no t  s u f f i c i e n t l y  d r ie d  
th e  atmosphere over  th e  e l e c t r e t ,  o r  i t  may be t h a t  in  
o t h e r  c a se s  much of th e  h e te ro c h a rg e  was masked by homo­
cha rge .
^Gross, o£. c i t . ,  p.  869, Figure **b.
8 . and 9 .  I t  i s  n o t  unusua l  t h a t  th e  c o a te d  e l e c t r e t s  
e x h i b i t  t h e  o p p o s i t e  s i g n  t o  t h a t  o f  th e  s u r f a c e  benea th  
them. A c o a te d  e l e c t r e t  i n  e f f e c t  n ev e r  has i t s  e l e c t r o d e  
removed. A f t e r  fo rm a t io n ,  w i th o u t  even s h o r t i n g  i t ,  t h i s  
e l e c t r o d e  w i l l  have a p o s i t i v e  charge  on i t  p lace d  t h e r e  
by th e  p o l a r i z i n g  power su p p ly .  As th e  h e te ro c h a rg e  be­
n e a th  i t  decays  t h i s  p o s i t i v e  cha rg e  should  a c t u a l l y  i n ­
c r e a s e ,  s i n c e  t h e r e  a r e  more ch a rg es  n o t  n e u t r a l i z e d  by 
h e t e r o c h a r g e .  T h is  does happen (F ig u re  2 6 ) .  The CTP 
phenomenon i s  a b s e n t  i f  th e  c o a t  has n e v e r  been s h o r te d  
because  th e  f ieL d  i s  s t iL L  in  th e  e l e c t r e t ,  and th e  p o la r  
moLecuLes a r e  s t i l l  a l i g n e d .  Only i f  t h e r e  i s  an ohmic 
Leakage w i l l  th e  cha rge  d e c re a s e  w i th  t im e .  This  was th e  
ca se  i n  cu rve  C in  F ig u re  26. In  t h i s  exper im en t  th e  g l a s s  
r i n g  around th e  e l e c t r e t  a c te d  as a Leakage r e s i s t a n c e  
a c ro s s  t h e  e l e c t r e t .  When th e  r i n g  was n o t  u sed ,  as  in  a l l  
o t h e r  e x p e r im e n ts ,  t h i s  d e c r e a s e  i n  ch a rg e  was n o t  o b se rv ed .
I f  t h e  s u r f a c e  i s  e v e r  s h o r t e d ,  e i t h e r  im m edia te ly  o r  
L a t e r ,  F ig u r e  28 ,  th e  CTP b eg in s  i t s  r a p id  decay .  I f  th e  
s h o r t  i s  removed im m edia te ly  t h i s  r a p id  decay i s  observed  
as  a r i s e  i n  t h e  L ib e ra te d  induced cha rge  on th e  s u r f a c e ,  
. i . e . , cu rv es  in  F ig u re  27 .  I f  t h e  s h o r t  i s  m a in ta ined  
u n t i l  t h e  CTP decay i s  e s s e n t i a l l y  compLete, th e  s u r f a c e  
cha rg e  r i s e s  on ly  s lo w ly  from ze ro  upon removal o f  th e  
s h o r t .  T h is  s low r i s e  r e p r e s e n t s  th e  sLow decay o f  t h e
L6L
domain p o L a r i z a t io n .
One wouLd e x p e c t ,  in  view o f  th e  above d i s c u s 8 io n ,  t h a t  
t h e  homocharge r i s e  on c o a te d  e l e c t r e t s  would be v i r t u a l l y  
i d e n t i c a l  to  t h e  h e te r o c h a rg e  decay .  However t h e r e  a r e  some 
d i f f e r e n c e s .  In  F ig u re  30 where coa ted  s u r f a c e  cha rge  r i s e  
i s  p l o t t e d  u p s id e  down a lo n g  w i th  uncoated  decay ,  i t  i s  
a p p a re n t  t h a t  t h e  Long t im e c o n s t a n t  decay i s  a b s e n t  from 
t h e  coa ted  decay .  I f  i t  were p ro c e d in g  one would e x p e c t  a 
g r a d u a l  r i s e  o f  abou t  t h e  same s l o p e ,  bu t  o f  o p p o s i t e  s ig n ,  
as  t h e  uncoa ted  decay a f t e r  many ho u rs .  T h is  LeveLing o f f  
o f  t h e  co a ted  ch a rge  r i s e  to  e s s e n t i a l l y  a h o r i z o n t a l  can 
be e x p l a i n e d .  I f  any ohmic Leakage i s  p r e s e n t  in  uncoated 
e l e c t r e t s  i t  a c t s  in  t h e  same d i r e c t i o n  as  th e  h e te ro c h a rg e  
decay ,  t h a t  i s  i t  d e c r e a s e s  t h e  observed  ch a rg e .  On the  
o t h e r  hand, f o r  coa ted  e l e c t r e t s  an ohmic Leakage p a th  
would d e c re a s e  th e  observed  ch a rg e  in  o p p o s i t i o n  to  t h e  
h e te r o c h a rg e  decay which would i n c r e a s e  t h e  observed  ch a rg e .  
I t  i s  p oss ibL e  t h a t  Leakage would j u s t  abou t  co un te r -b aL an ce  
t h e  sLow decay of  th e  h e t e r o c h a r g e .  T h is  o f t e n  seems to  be 
t h e  c a s e .  I t  i s n ' t  so much t h a t  t h i s  i s  f o r t u i t o u s  as  t h a t  
a s e l f - r e g u l a t i n g  mechanism s e t s  in  a t  h igh  f ieL d  v a l u e s .
The Leakage c u r r e n t  o f  cou rse  depends upon th e  v o l t a g e  
o f  t h e  coa ted  s u r f a c e .  I f  th e  CTP decay i s  in c lu d ed  in  th e  
cha rge  i n c r e a s e  th e n  th e  Leakage c u r r e n t  goes up aLso. 
E v e n tu a l ly  an e q u i l i b r i u m  i s  reached  in  which Leakage d r a in s
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sway t h e  ch a rg e  on th e  c o a t  a t  t h e  same r a t e  a t  which i t  i s  
L ib e ra te d  by th e  decay benea th  th e  c o a t .  Thus, i f  th e  
s h o r t  i s  m a in ta in ed  beyond th e  CTP decay t ime o r  i f  th e  
s u r f a c e  i s  r e h e a te d  a t  t h i s  L a te r  t im e ,  th e n  th e  h e t e r o ­
ch a rge  decay a g a in  becomes observabLe as  a sLow r i s e  o f  th e  
coa ted  s u r f a c e  cha rge  ( s e e ,  f o r  exampLe, cu rves  G and F, 
F ig u re  2 8 ) .  Thus t h e  b e h a v io r  o f  coa ted  e L e c t r e t s  i s  com- 
pLeteLy e x p la in e d  by th e  th e o ry .
LO. The s u r f a c e  ch a rg e  b eh a v io r  o f  coa ted  s o l u t i o n  
e l e c t r e t s  i s  n o t  s u f f i c i e n t l y  d i f f e r e n t  from carnauba wax 
e l e c t r e t s  to  p e rm i t  any c o n c lu s i o n s .  A p p a re n t ly  th e  p r e s ­
ence o f  th e  e x c e s s  a l c o h o l  o r  a c id  molecuLes does no t  
a f f e c t  t h e  c h a r a c t e r i s t i c s  of t h e  amorphous r e g io n  very  
much. I t  may be, o f  c o u r s e ,  t h a t  t h e s e  e x t r a  a d d i t i v e s  
were in c o r p o r a t e d  i n t o  t h e  c r y s t a l l i n e  domains p r i m a r i l y .
I f  so th e y  would n o t  a f f e c t  t h e  CTP decay .
LL. As i n  th e  ca se  o f  uncoated  e L e c t r e t s ,  th e  s u r f a c e  
ch a rge  d a t a ,  e x c e p t  t h a t  tak en  f o r  very  Long t im e s ,  do no t  
show much abou t  th e  f r o z e n - i n  p o L a r i z a t i o n .  They m ain ly  
show th e  CTP and i t s  decay .
12. Uncoated e l e c t r e t s  do a c q u i r e  a f r o z e n - i n  charge  
when th e y  a r e  p o l a r i z e d .  I f  TDC i s  a t tem p ted  w i th o u t  c o a t ­
ing  th e  e l e c t r e t  th e  c o n t a c t  r e s i s t a n c e  to  th e  eL ec trode  
i s  so Large in  most c a se s  t h a t  most o f  th e  d i s c h a r g e  i s
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l o s t  i n t e r n a l l y .  I f  t h e  e l e c t r e t  i s  c o s te d  b e fo re  TDC th e  
f r o z e n - i n  ch a rge  can be seen .  From th e  s t a n d p o i n t  o f  r e p r o ­
d u c i b i l i t y  e l e c t r e t s  a r e  b e s t  p o l a r i z e d  and measured when 
th e y  a r e  c o a te d .
The i n t e g r a t e d  ch a rg e  r e p r e s e n t e d  by th e  TDC i s  s m a l l e r  
th an  t h e  s u r f a c e  cha rg e  would i n d i c a t e ,  bu t  i t  i s  comparable 
to  t h e  ch a rg es  o b ta in e d  from thermaL d i s c h a r g e  cu rv es  r e ­
p o r te d  eLsewhere. I t  may w e l l  be t h a t  th e  ch o ice  o f  10^^ 
ohms as e l e c t r o m e t e r  r e s i s t a n c e  caused t h e  i n t e r n a l  lo s s  
o f  an a p p r e c i a b l e  f r a c t i o n  of  th e  c u r r e n t .  At room tem per­
a t u r e  th e  e l e c t r e t  r e s i s t a n c e  i s  c e r t a i n l y  much g r e a t e r  
th a n  10LL ohms, bu t  a t  60-70  d eg rees  t h i s  may no t  be t r u e .
Because t h e  CTP has a p p a r e n t l y  been d i sc h a rg e d  b e fo re  
t h e  TDC i s  ru n ,  th e  TDC i s  a good measure o f  th e  p a r t  of 
t h e  p o l a r i z a t i o n  which i s  n o t  w e l l  measured by s u r f a c e  
ch a rg e  d a t a .  Thus t h e  two methods complement each o t h e r  
in  t h i s  s tu d y .
13. On t h e  t h e o ry  t h a t  domain d i p o l e s  a r e  t h e  cause  
of t h e  f r o z e n - i n  p o l a r i z a t i o n  i t  i s  u n d e r s t a n d a b le  t h a t  
re p ro d u c in g  t h i s  e f f e c t  from one e l e c t r e t  t o  a n o th e r  would 
be d i f f i c u l t .  Very p ro b a b ly  t h e  domain s i z e s  and number 
of domains p e r  u n i t  volume v a ry  from one e l e c t r e t  to  an­
o t h e r .  The v a r i a t i o n  in  domain s i z e  would cau se  a d i s p e r ­
s io n  i n  r e l a x a t i o n  t im es  f o r  th e  domains and a n o n -e x p o n e n t ia l  
decay (o b s e r v e d ) ,  and i t  might w e l l  cau se  th e  f r o z e n - i n
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ch a rg e  b e h a v io r  to  be a f u n c t i o n  o f  th e  p a s t  h i s t o r y  o f  th e  
e L e c t r e t .
I f  c o n d i t i o n s  were s u f f i c i e n t l y  c o n t r o l l e d  i t  i s  u n d e r ­
s t a n d a b l e  t h a t  one p a r t i c u l a r  e L e c t r e t  cou ld  a c q u i r e  v e ry  
n e a r l y  t h e  same q u a n t i t y  o f  f r o z e n - i n  cha rg e  i n  two e x p e r ­
im en ts ,  and what i s  more im p o r ta n t  to  th e  shape o f  th e  TDC, 
i t  would l i b e r a t e  i t  a t  a r e p r o d u c i b l e  r a t e  each  t ime as 
long  as  th e  r e h e a t i n g  d id  n o t  g r e a t l y  a l t e r  th e  domains.
LU. The way in  which t h e  a d d i t i v e s  a f f e c t  th e  growth, 
s i z e  o r  p o p u l a t i o n  o f  t h e  domains i s  n o t  p r e d i c t a b l e ,  n o r  
i s  i t  a p p a re n t  from t h e s e  d a t a .  A p p a re n t ly  th e  AI-L 8  e l e c -  
t r e t  had a s u f f i c i e n t l y  lower m e l t in g  p o i n t  th a n  th e  pure  
ca rnauba  wax so t h a t  i t s  s u r f a c e  m e l ted .  T h is  caused th e  
AI-18C2) cu rve  to  be e x t re m e ly  u n r e l i a b l e .  The s o l u t i o n  
e l e c t r e t s  were more u n r e l i a b l e  a s  f a r  as  TDC i s  concerned 
th an  th e  ca rnauba  wax. T h is  e r r a t i c  b e h a v io r  d id  n o t  a r i s e  
when t h e  s u r f a c e  ch a rg e s  were measured;  i t  o c c u r re d  on ly  
when TDC was o b t a in e d .  The th e o r y  canno t  say why such 
b e h a v io r  shou ld  be t y p i c a l  o f  s o l u t i o n  e l e c t r e t s ,  bu t  i t  
can  be p o in te d  ou t  t h a t  TDC ta k e n  too  c l o s e  to  t h e  s o f ­
t e n i n g  t e m p e ra tu r e  o r  meLting p o i n t  o f  t h e s e  waxes may 
always be u n r e l i a b l e ,  and th e  s o l u t e s  may have s im ply  
lowered t h e  m e l t in g  p o i n t .
15. I f  th e  observed tren d , th a t e l e c t r e t s  co n ta in in g
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a c id  decay more r a p i d l y  th a n  ca rnauba wax e L e c t r e t s ,  i s  
v a l i d ,  i t  would mean t h a t  th e  domain s i z e  i s  s m a l l e r  in  
th e  fo rm er ,  o r  t h a t  th e  p o t e n t i a l  b a r r i e r  to  r o t a t i o n  o f  
t h e  domains i s  l e s s .  T h is  e f f e c t  was n o t  p r e d i c t e d .
I t  could  be proposed t h a t  th e  more r a p id  decay was 
due to  g r e a t e r  ion  c o n d u c t i v i t y  and t h a t  th e  long t ime 
c o n s t a n t  h e t e r o c h a rg e  decay was th u s  i n d i c a t e d  t o  be an 
i o n i c  mechanism. T h is  e x p l a n a t i o n  i s  n o t  su p p o r ted  by 
th e  f a c t  t h a t  on th e  s u r f a c e  cha rg e  r i s e  p l o t s  f o r  coa ted  
A -18 e l e c t r e t s  ( c u rv e s  F and G, F ig u re  29) t h e r e  i s  th e  
l e a s t  i n d i c a t i o n  o f  Leakage o f  th e  s u r f a c e  c h a rg e .  SureLy 
a g r e a t e r  c o n d u c t i v i t y  in  t h e  amorphous b in d e r  wouLd have 
LeveLed th e s e  cu rv es  o f f  as  in  cu rve  B in  t h i s  f i g u r e .  
C o n d u c t iv i t y  w i t h i n  th e  domains seems im probab le .  This  
a u th o r  su g g e s t  t h a t  t h e  a d d i t i o n  o f  th e s e  s o l u t e s  made 
L i t t l e  d i f f e r e n c e  in  th e  c o n d u c t i v i t y  o f  th e  wax.
L6 . The deLayed r i s e  o f  d i s c h a r g e  c u r r e n t  f o r  s t o r e d  
samples p o s s i b l y  means t h a t  t h e  domains which remain o r i ­
en te d  Longest a r e  th o s e  d eep er  i n  th e  e L e c t r e t  r a t h e r  than  
th o s e  n e a r  th e  s u r f a c e .  T h is  i s  r e a s o n a b le  i f  t h e  s h o r t -  
c i r c u i t  d e c r e a s e s  th e  f i e l d  t o  ze ro  in  th e  i n t e r i o r ,  bu t  
n o t  q u i t e  t o  ze ro  n e a r  th e  e L e c t ro d e s  because  o f  th e  f i n i t e ,  
even though smaLL, e L e c t r o d e - d i e L e e t r i e  gap. I f  t h e  s u r f a c e  
domains a r e  d i s o r d e r e d  when th e  oven i s  tu rn e d  on, t h e  f i r s t  
d i s c h a r g e  c u r r e n t  must a w a i t  th e  p e n e t r a t i o n  o f  t h e  hea t
i n t o  th e  e l e c t r e t  i n t e r i o r .
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17. I s o th e rm a l  exposu re  can cause  f r o z e n - i n  p o l a r i ­
z a t i o n  o n ly  i f  th e  domains can be o r i e n t e d  to  an a p p r e c i ­
a b le  e x t e n t  a t  room te m p e ra tu re  o r  i f  t h e  domain s u r f a c e  
b a r r i e r  can be c ro s s e d  by io n s  a t  t h i s  t e m p e ra tu re .  The 
th e o ry  supposes  t h a t  n e i t h e r  p ro c es s  would be r a p id  a t  
room t e m p e r a tu r e , a l th o u g h  s u f f i c i e n t l y  Long exposure  
(seve raL  d ay s )  shou ld  o r i e n t  domains which s t i l l  a r e  p o l a r .
A two-day i s o th e r m a l  exposure  was t r i e d  once ,  bu t  t h i s  
exper im en t  employed th e  c racked  e l e c t r e t  (F ig u re  38 ) ,  and 
th e  r e s u l t i n g  f r o z e n - i n  p o l a r i z a t i o n  may n o t  have been 
c h a r a c t e r i s t i c  o f  normaL e L e c t r e t s .  More work needs  to
be done on th e  te m p e ra tu r e  dependence o f  th e  r a t e  a t  which 
an e l e c t r e t  a c q u i r e s  t h e  f r o z e n - i n  p o l a r i z a t i o n .
18. The b eh a v io r  o f  th e  c racked  e l e c t r e t  has been 
d i s c u s s e d  p r i o r  to  t h e  th e o ry  p r o p o s a l .  No o t h e r  r e a s o n ­
a b l e  e x p l a n a t i o n  o f  th e  c r a c k  e f f e c t  has o ccu rred  to  t h i s  
a u t h o r .
The above d i s c u s s i o n  r e l a t e s  th e  t h e o ry  proposed to  
t h e  d a ta  p r e s e n t e d .  The th e o r y  a l s o  i s  co m p a t ib le  w i th  
much o f  th e  d a ta  c o l l e c t e d  o ver  t h e  p a s t  f o r t y  y e a r s ;  t h i s  
c o r r e l a t i o n  can be seen by re v ie w in g  C h ap te r  I .  For e x ­
ample th e  g r e a t e r  permanence of t h e  homocharge r e L a t iv e  to  
t h e  h e te ro c h a rg e  i s  e a s i l y  see n .  I t  i s  e a s i e r  f o r  a d i p o l a r
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domain to  r o t a t e  than  f o r  a domain w ith  a n e t  ch a rge  to  
move th rough  th e  wax m a t r ix  and approach o p p o s i t e l y  charged 
domains. Such n e t  charged domains would be n e u t r a l i z e d  by 
io n s  from t h e  b in d e r  g ro u p ing  abou t  them i f  th e  e l e c t r e t  
were l e f t  open so t h a t  th e  homocharge f i e l d  was uncompen­
s a t e d .  However, i f  th e  e l e c t r e t s  were s to r e d  w h i le  s h o r t e d ,  
such homocharges would have a g r e a t  permanence because  of  
t h e i r  n e u t r a l i z a t i o n  by th e  induced cha rge  on th e  s h o r t i n g  
e l e c t r o d e s  and th e  absence  of ion  con d u c t io n  i n  th e  e l e c t r e t  
due t o  absence  o f  a f i e l d .
Gemant's  e x p e r im e n ts 6  in  which he d i s s o lv e d  a b i e t i c  
a c id  in  p a r a f f i n  a r e  u n d e r s t a n d a b le  on th e  b a s i s  o f  t h i s  
th e o r y .  Any v e ry  p o l a r  s u b s ta n c e  in  p a r a f f i n  would be 
l i k e l y  to  be d i s p e r s e d  more i n  c o l l o i d a l  domains r a t h e r  
th a n  i n  t r u e  s o l u t i o n  i n  th e  n o n p o la r  s o l v e n t .  Gemant 
proposed long  ago t h a t  such domains were th e  cause  o f  th e  
e l e c t r e t  e f f e c t ,  bu t  h i s  idea  was t h a t  t h e  d ipoLar  domains 
were t h e  cau se  of  th e  homoc h a r g e . He imagined t h a t  t h e  
s t r e s s e s  i n  th e  wax on th e  domains could  r e v e r s e  t h e i r  
p o l a r i t y  by a p i e z o e l e c t r i c  e f f e c t .  He a t t r i b u t e d  th e  
h e t e r o c h a rg e  to  ion  space  c h a r g e s .
In  r e c e n t  y e a r s  Gemant has proposed a d i f f e r e n t  t h e o r y 7
6 A. Gemant, P h i l .  Majg. , XXIX (1935) ,  929.
7A. Gemant, D i r e c t  C u r r e n t , I (1953),  145.
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which was a l s o  mentioned i n  C h ap te r  I .  In  i t  t h e  o r i e n t e d  
d i p o l e s  form domains which a r e  r e s p o n s i b l e  f o r  th e  h e t e r o ­
c h a rg e .  Then th ro ug h  a complex s e r i e s  o f  ion  movements 
t h e  h e te r o c h a rg e  changes to  homocharge. A lthough adm it tedLy 
c l o s e  to  t h e  th e o r y  proposed h e re ,  t h i s  mechanism would 
y i e l d  domains which were no more p o l a r  t h a t  t h e  m o lecu les  
o f  which they  were composed. In  th e  proposed th e o ry  th e  
domains could  have a ve ry  l a r g e  d i p o l e  moment, s i n c e  they  
cou ld  have a m a n y -e le c t ro n  ch a rge  a t  each end o f  t h e  domain.
O
FiL L ipo v a’ s r e s u l t a  on t h e  o p t i c a l  a n i s o t r o p y  o f  
p o ly ( m e th y im e th s c r y l a t e )  e l e c t r e t s  i s  c o m p a t ib le  w i th  th e  
proposed  t h e o r y .  So a r e  th e  X-ray d i f f r a c t i o n  r e s u l t s  of
s e v e r a l  a u t h o r s ,  and t h e  c o n c lu s io n s  o f  Froiman and
9
F r i d k i n .
I f  e l e c t r e t s  can be produced by th e  a p p l i c a t i o n  of 
m agnet ic  f i e l d s ,  a s  B h a t n a g a r ^  has r e p o r t e d ,  t h e  th e o ry  
proposed here  i s  n o t  c a p a b le  of e x p l a i n i n g  t h e  f a c t .  No 
e l e c t r o n s  i n  t r a p s ,  f r e e - r a d i c a l s ,  o r  o t h e r  c a u se s  of 
param agnetism  a r e  p o s t u l a t e d  in  th e  t h e o r y .  Of c o u r se  
r a d i o  e l e c t r e t s  o r  p h o t o e l e c t r e t s  may w e l l  have a com­
p l e t e l y  d i f f e r e n t  fo rm a t io n  mechanism and such  magnetic
®K. V. F i l i p p o v a ,  I z v e s t .  Akad. Nauk SSSR, S e r .
F i z . , XXII (1 9 4 8 ) ,  343.
9
A. I .  Froiman and V. M. F r i d k i n ,  K r i s t a l l o g r a f i y a ,
I  (1 9 56 ) ,  3**2.
1 0
C. S. B h a tnag a r ,  I n d ia n  J .  Pure  AppL. P h y s . ,  I I  
(19 6 4 ) ,  331.
e f f e c t s  would n o t  be s u r p r i s i n g  i n  t h i s  e s s e .
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C. For t h e  F u tu re
A lthough  th e  g r a d u a l  a ccu m u la t io n  of  knowledge about  
t h e  p ro b a b le  mechaniam by which s u b s ta n c e s  become e l e c t r e t s  
has d i s p e l l e d  much o f  th e  m y s te ry  which once surrounded  
t h e s e  o b j e c t s t t h e  f i e l d  i a  s t i l l  b a r e ly  ou t  o f  i t s  i n fa n c y .  
I f  th e  e l e c t r e t  e f f e c t  l a  e v e r  t o  be added to  th e  many 
o t h e r  f i e l d  e f f e c t s  which a r e  r e p o r t e d  in  te x tb o o k s  w ith  
c o n f id e n c e ,  much more c e r t a i n t y  must accompany th e  mech­
anism c o n c lu s io n a .  E x p er im en ta l  t e c h n iq u e s  must become 
more s o p h i s t i c a t e d  and r e p r o d u c i b l e .  Forming of  t h e  
e l e c t r e t s  must be done i n  a much b e t t e r  way.
T h is  s e c t i o n  th en  o f f e r s  s u g g e s t i o n s  f o r  (1 )  e x p e r i ­
ments which would s e r v e  as  t e s t s  f o r  t h e  t h e o ry  p roposed ,
(2 ) l i n e s  o f  i n v e s t i g a t i o n  su g g es ted  by t h e  th e o ry ,  and
(3)  v a r io u s  o t h e r  ex p e r im e n ts  which seem p l a u s i b l e .
E xper im en ts  which would t e s t  t h e  t h e o r y . The most 
r i g o r o u s  t e s t  o f  t h e  d i p o l a r  domain th e o ry  would be an 
expe r im en t  d e s ig n ed  t o  r e o r i e n t  t h e  domains i n  an e l e c t r e t  
w i th o u t  h e a t i n g  them to  as  h igh  a te m p e ra tu re  as  t h e  f o r ­
m at ion  t e m p e r a tu r e .  I f  a p o l a r i z e d  but  decayed e l e c t r e t  
cou ld  be more e a s i l y  r e p o l a r i z e d  a t  lower te m p e ra tu re s  
than  a " v i r g i n ” e l e c t r e t  which had n ev e r  been p o l a r i z e d  
a t  a l l ,  th en  t h e  p o l a r  domains would be s t r o n g l y  i n d i c a t e d .
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Of co u rse  th e  p r e v io u s ly  poL sr ized  e l e c t r e t  would have to  
have decayed a t  room tem p e ra tu re  so as  no t  to  lo se  i t s  
i o n i c  ch a rg es  to  th e  amorphous b in d e r .
I f  th e  mechanism seemed to  e x p la in  th e  beh av io r  of 
p l a s t i c  e l e c t r e t s ,  then  th e  a c t u a l  o b s e rv a t io n  o f  th e  
domains by some pho tom ic rograph ic  te ch n iq u e  might be pos­
s i b l e  to  s e t t l e  th e  q u e s t io n  of t h e i r  o r i e n t a t i o n  in  th e  
f i e l d .
F i n a l l y  p r e p a r a t i o n  o f  e l e c t r e t s  might be a t tem pted  
w ith  s i n g l e  c r y s t a l s  o f  o rg a n ic  su b s tan ce s  which were pure 
s im ple  s u b s ta n c e s .  T h is  th e o ry  wouLd p r e d i c t  t h a t  homo­
geneous s i n g l e  c r y s t a l s  would no t  a t t a i n  a Long time cons­
t a n t  h e te ro c h a rg e  as  does carnauba wax. However, sandwiches 
o f  c a r e f u l l y  machined s i n g l e - c r y s t a l  p i e c e s  f i t t e d  t o ­
g e th e r  might become e L e c t r e t s  by th e  c rack  e f f e c t .
In  o rd e r  to  s tu d y  th e  c rack  e f f e c t  f u r t h e r ,  a s tudy 
which would n o t  n e c e s s a r i l y  t e s t  th e  th eo ry  of normal 
e l e c t r e t s ,  many exper im en ts  can be su g g es ted .  Long t h i n  
c y l i n d r i c a l  e l e c t r e t s  which have been cracked in  s e v e r a l  
pLaces a c ro s s  t h e i r  amaLL dimension could  be produced. 
Another e a s i e r  method would be th e  p ro d u c t io n  o f  o rd in a ry  
d i s c  e l e c t r e t s  w i th o u t  c o a t i n g s .  Crack ing  them a c ro s s  th e  
d i s c ,  as  th e y  naturaLLy c ra c k ,  and p a i n t i n g  th e  e l e c t r o d e s  
on each p i e c e ,  r a t h e r  th an  on th e  top  and bottom, would 
s im u la te  a h o r i z o n t a l l y  cracked  e l e c t r e t .  I t  has a l s o
L7L
been suggested*"*" t h a t  s e a l i n g  a t h i n  d i e l e c t r i c  f i l m ,  such 
as  Saran  wrap, i n t o  t h e  wax might produce th e  e f f e c t .
L in es  o f  i n v e s t i g a t i o n  su gg es ted  by th e  t h e o r y . I f  a 
s im p le r  and b e t t e r  c h a r a c t e r i z e d  b in d e r  s u b s ta n c e  were 
found to  a c t  a s  t h e  amorphous phase ,  then  p o l a r  su b s ta n c e s  
could  p e rh ap s  be d i s p e r s e d  i n  t h i s  b in d e r  c o l l o i d a l l y  so 
as  to  a c t  as  t h e  domains. T h is  would n o t  be easy  t o  do.
I n f r a r e d  s t u d i e s  o f  t r a n s p a r e n t  e l e c t r e t s  a r e  long 
o verdue .  S in c e  i n  a r e a s o n a b ly  t h i c k  e l e c t r e t  a lm ost  no 
i n f r a r e d  en e rgy  cou ld  be t r a n s m i t t e d ,  pe rh ap s  t h i s  s tu d y  
cou ld  be accom plished  by imbedding t i n y  t h e r m i s t o r  e lem en ts  
i n  v a r io u s  p o s i t i o n s  i n  th e  e l e c t r e t  to  a c t  as  i n f r a r e d  
d e t e c t o r s  when s e l e c t e d  w ave leng ths  were focused  on th e  
e l e c t r e t  s u r f a c e s .
I t  i s  n o t  in c o n c e iv a b le  t h a t  t e c h n iq u e s  could  be 
developed by which th e  domains could be s e p a r a te d  from 
th e  m a t r ix  i n  ca rnauba  wax. Perhaps a s o l v e n t  e x t r a c t i o n  
t e c h n iq u e  might do t h i s .  Thi& l i n e  o f  i n v e s t i g a t i o n  
a d m i t t e d ly  sounds l i k e  more t r o u b l e  th a n  i t  i s  w orth .
O ther  s u g g e s t i o n s . In  t r a n s p a r e n t  e l e c t r e t s  many 
i n t e r e s t i n g  s t u d i e s  a r e  p o s s i b l e .  One which su g g e s t s  
i t s e l f  i s  t o  look  f o r  t h e  K err  e f f e c t  w i t h i n  th e  body o f
^ P r i v a t e  communication from P .  E. Koenig.
172
th e  e l e c t r e t .  In  e l l  such o p t i c a l  s t u d i e s  i t  i s  im portan t  
to  remember t h a t  the  i n t e r n a l  f i e l d  of th e  e l e c t r e t  i s  low 
when i t  i s  s h o r t e d ,  high when o p e n - c i r c u i t e d .  This  su g g es ts  
t h a t  coated  e l e c t r e t s  would no t  be as  s u i t a b l e  f o r  such 
work as  would uncoated ones from which th e  e l e c t r o d e s  could 
be com ple te ly  removed.
Although no d i f f e r e n c e s  were found in  CTP decay b e fo re  
and a f t e r  p o l a r i z a t i o n ,  i t  seems probabLe t h a t  t h e r e  must 
be some d i f f e r e n c e .  A more s o p h i s t i c a t e d  tech n iq u e  f o r  
s tu d y in g  th e  CTP, i . e . , th e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of 
the  amorphous b in d e r ,  seems to  be i n d i c a t e d .  Perhaps  th e  
a p p l i c a t i o n  of s h o r t  d u r a t i o n  e l e c t r i c a l  p u lse s  o f  1 0 0  
v o l t s  or sc ,  fo l lowed by an o s c i l l o s c o p i c  s tudy  of  the  
i n t e r - p u l s e  c u r r e n t s  would be an e f f e c t i v e  t o o l .  Modern 
e l e c t r o n i c s  should be ab le  to  d ev ise  c i r c u i t r y  f o r  a 
n o n - d e s t r u c t iv e  measure of th e  f r o z e n - i n  p o l a r i z a t i o n  v ia  
th e  re spo nse  of the  b in d e r  to  some s o r t  o f  low frequency  
s i g n a l s .
C on t inu ing  TDC s t u d i e s  to  t e s t  the  v a l i d i t y  o f  th e  
id ea s  p re se n ted  in  t h i s  work, and th e  des ign  of e l e c t r o n i c  
measuring te ch n iq u es  as  d e sc r ib e d  above c o n s t i t u t e  the  
f u t u r e  p lan s  of  t h i s  a u th o r .
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APPENDIX
The C a l c u l a t i o n  o f  S u r fa c e  Charge 
from D is ta n c e  V a r i a t io n  Data
From e q u a t io n  ( 5 ) ,  page ILL, th e  s lo p e  o f  th e  
V  ̂ v e r su s  p l o t s  should be:
The 1 .3  x 10 m ete rs  which appears  here i s  th e  d i s t a n c e  
from th e  v i b r a t i n g  eL ec trode  t o  th e  t h i r d  e l e c t r o d e .  This 
d i s t a n c e  e n te r e d  th e  e q u a t io n  because i t  i s  assumed t h a t  
th e  n u l l  c o n d i t i o n ,  which f o r  th e  l i s t e d  V i s  v a l i d ,  i s  
as fo l lo w s :
where Ee x t  i s  th e  f i e l d  a t  th e  v i b r a t i n g  eL ectrode  due to  
th e  e l e c t r e t ,  and E i s  th e  f i e l d  a t  th e  v i b r a t i n g  eLec­
t r o d e  due to  th e  v o l t a g e  on th e  t h i r d  eL ec trod e .  S ince
Now t a k in g  a t y p i c a l  example, t h e  sLope of  F ig u re  23, 




^ ex t “ ^ n u ll
then
( 8  - 2 ) x 1 0  ^ v o l t s  s lo p e  = "■ - —
( 7 - 2 )  r e v o l u t i o n s 5 r e v  x  . 02&iH x 2.5*4r e v  in
6  x 1 0  v o l t s  x 1 0  cm/m
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s l o p e  *  1 9  v o l t s  ^
N o w  w e  c e n  p u t :
_L _ l  ________2 j 8 __________L9 volts m * ' ~  " . _ 7 "
* m 'v 'L ( l .3  x 10 m)
s  2 . 8  v o l t s  m________
*  L ( L .  3  x  1 0 " 7 m ) ( l 9 )
2 . 8  x  8 . 8 5  x  1 0  ^  C ^ / N m ^  x  J o u l e s / C  
k  x  3 . U *  x  6  x  I 0 ” ^ m  x  1 . 9 6  x  1 0 " ^  x  1 9
- 3
w h e r e  L  ■  0 . 6  c n .  ■  6  x  1 0  m .
a n d  8 . 8 5  x  1 0 ” ^  C ^ /N tn ?  i s  t h e  p e r m i t t i v i t y  o f  f r e e  s p a c e ,
F i n a l l y  O —  *  8 . 8  x  1 0 ‘ ® C / c m ^
_ 2  
m 8 8  n a n o c o u l o m b s / c m
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